Assessing the effect of best management practices on water quality and flow regime in an urban watershed under climate change disturbance by Radavich, Katherine A.
ASSESSING THE EFFECT OF BEST MANAGEMENT PRACTICES ON WATER QUALITY
AND FLOW REGIME IN AN URBAN WATERSHED
UNDER CLIMATE CHANGE DISTURBANCE
by
Katherine A. Radavich
Copyright by Katherine A. Radavich 2015
All Rights Reserved
ii
A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines











Dr. Terri S. Hogue
Professor and Director
Hydrologic Sciences and Engineering Program
iii
ABSTRACT
Urban streams and water bodies have become increasingly polluted due to stormwater runoff
from increased urbanization. Improved water quality and reduced flood peaks are the ultimate
goals of stormwater management to achieve safe and healthy urban water bodies, with additional
benefits of increased green space and increased domestic water supply through potential
recycling and groundwater recharge.  In this research, Low Impact Development (LID) and Best
Management Practices (BMPs) are assessed as natural methods to manage stormwater by
applying the EPA System for Urban Stormwater Treatment and Analysis INtegration
(SUSTAIN) model. Ballona Creek watershed in the Los Angeles basin (128 square miles with
61% impervious land cover) was chosen as a case study area to more specifically investigate the
mechanisms through which different BMP types achieve compliance with water quality
regulations, reduce peak flows, and encourage recharge through infiltration.  This research
illustrates how the characteristics of distinctive BMP types influence compliance and flow
regimes. Model results show that infiltration-dominated BMPs reduced the total pollutant load at
the outlet, but residual pollutants were more concentrated resulting in worse compliance with
water quality standards. However, out of 86,000 acre-feet per year (AFY) of runoff from the
whole watershed during the modeled period of 2004-2008, these BMP types infiltrated 66,000
AFY of water (76% of the total) for potential reuse and groundwater recharge, and reduced peak
flows of larger storm events up to 60%. Treat and release-dominated BMPs resulted in lower
pollutant concentrations and better compliance at the outlet, but higher pollutant loads were
observed and only 34,000 AFY was infiltrated (40% of the total), with minimal peak flow
reduction. Assessing future changes in precipitation and temperature due to climate variability
further illustrated the beneficial and limiting characteristics of the five BMP types. Due to their
poor peak flow reduction and infiltration capacity, treat and release BMPs would not provide as
much benefit for future climate scenarios in which more intense precipitation events might occur.
Stormwater modeling at the watershed scale can ultimately inform strategic BMP selection based
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Water is the next crisis facing society. The current mega-drought in the arid west of the
United States is affecting the populated urban areas in unprecedented ways. Groundwater
pumping restrictions have been put in place in California for the first time ever (Office of CA
Governor 2014). California storage reservoirs and the Sierra Nevada snow pack have reached
record lows over the past 4 years during the current drought (WY 2012 to present WY 2015)
(CA DWR 2015a; CA DWR 2015b; Scauzillo and Tribune 2014). More strict conservation
measures have been imposed and must be embraced to ensure adequate water supply for the
duration of the drought (CA SWRCB 2014). Climate change is projected to increase
precipitation event intensity and the frequency and duration of drought periods (Katz and Brown
1992; Kunkel, Andsager, and Easterling 1999; Kothavala 1997). Lower surface water flows due
to persistent drought or climate change could concentrate pollutants in already impaired urban
water bodies, increasing health concerns and non-compliance with water quality regulations.
Water resource resiliency is increasingly important for water stressed regions faced with
population expansion and uncertain future climate conditions. Natural stormwater capture and
infiltration methods can be effectively utilized to mitigate these impacts by removing pollutants
as stormwater is infiltrated and stored in groundwater aquifers (Martin and Smoot 1986;
Wigington, Randall, and Grizzard 1983; Scholes et al. 1998; Hvitved-Jacobsen, Johansen, and
Yousef 1994). Urbanization has permanently impacted the hydrologic cycle, but these current
stresses have provided the opportunity to study and modify that impact to encourage sustainable
water management going forward.
1.1 Current regional studies: One Water, City EWMPs, SCMP
The City of Los Angeles (City) has initiated a concentrated effort to address water quality
and water supply within their jurisdiction. This includes portions of the Los Angeles River
watershed, the Ballona Creek watershed, and the Dominguez Channel and Long Beach Harbor
watersheds in Southern California (Figure 1-1). The City has hired consultants to perform
detailed analyses of opportunities in each sector. Studies were initiated to look at the best site
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locations to recharge captured stormwater in Geosyntec’s Stormwater Capture Master Plan (LA
DWP 2015), optimal implementation strategies for stormwater capture BMPs to improve water
quality in the Enhanced Watershed Management Plans (EWMPs), and opportunities to expand
the use of recycled wastewater (One Water LA) (LA City BOS 2015). These goals are part of the
City’s “One Water” initiative (LA City BOS 2015).  Stormwater modeling studies for Ballona
Creek, Dominguez Channel, and Los Angeles River watersheds have been completed for the
EWMPs at this time.
Figure 1-1: Los Angeles City and watersheds
1.2 Los Angeles Clean Water Sustainability Analysis (LACWSA) project
Due to growing populations, municipalities are under pressure to rethink water management
in the United States. Water must be used more wisely: conserved and recycled while maintaining
3
the quality necessary to support the health of human and aquatic life.  This is important for
surface water resources to support natural riparian ecosystems, as well as groundwater resources
to maintain and enhance supply for local use. Since 2000, stormwater and other runoff in the
Ballona Creek Watershed totaling 20,000 acre-feet per year (AFY) (2013 – year of lowest
precipitation during drought) to 130,000 acre-ft/year (2005 – year of greatest precipitation) are
conveyed to the ocean via channelized rivers and streams (values from the flow gage at Sawtelle
Blvd, (LA DPW 2014)). This flow comes exclusively from stormwater runoff and anthropogenic
activities such as irrigation because there are no discharges from wastewater treatment plants to
Ballona Creek and its tributaries. Not capturing and reusing this runoff is an example of a lost
opportunity for municipalities to assert their water independence. The kind of water management
strategy that relies majorly on imported water is not sustainable for the long term, especially with
growing populations and uncertain future impacts of climate change. The Los Angeles Clean
Water Sustainability Analysis project was commissioned by the City of Los Angeles Bureau of
Sanitation (LA BOS) to address the goals of improving surface water quality while also
addressing the need for increased local water supplies. This study was initiated before the
aforementioned EWMPs for each watershed in the Los Angeles (LA) basin.
The scope of the LACWSA project is to assess the complete water budget of available
resources to improve water quality and augment supply in the City of Los Angeles. Stormwater
capture and local water recycling opportunities, technologies, and management strategies are
investigated. The intent is to look at all water sectors in an integrated approach to determine
optimal scenarios that incorporate benefits for all. Out of this, ancillary social benefits will be
assessed as well.  This thesis research focuses on the stormwater modeling and subsequent
analysis part of the LACWSA project. The stormwater research is undertaken by the stormwater
modeling team led by Dr. Terri Hogue at the Colorado School of Mines (CSM) in the Civil and
Environmental Engineering Department (CEE), Hydrology program. The rest of the LACWSA
project is carried out by collaborators at University of California Los Angeles (UCLA) Institute
of the Environment and Sustainability (IoES).
The current research at CSM focuses on the opportunities for enhanced water quality and
supply augmentation through stormwater capture via best management practices (BMPs). This is
carried out by applying the EPA’s urban stormwater runoff model System for Urban Stormwater
Treatment and Analysis Integration, SUSTAIN, to the heavily urbanized watersheds in the LA
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basin. Technologies and management strategies are investigated in the modeling framework to
identify solutions that meet water quality standards, increase groundwater resources, and
optimize costs. Stormwater capture BMPs such as infiltration trenches and vegetated swales are
implemented in the model framework and their water quality compliance sensitivity and
behavior are examined. Benefits and costs of incorporating BMP strategies across the whole
watershed were quantified through stormwater modeling.
The goal for the stormwater modeling was not to recommend specific parcel-scale locations
for BMPs, but to evaluate the number and cost of BMPs of each type needed across the
watershed to achieve compliance and ancillary benefits. This allowed detailed examination and
critique of the stormwater modeling methodologies accepted by many municipalities, with the
purpose of improving stormwater modeling for future applications. Future disturbances to the
urban hydrologic regime were simulated to provide insight for the resiliency of recommended
management scenarios. Ultimately, recommendations were determined to enable water managers
to strategically implement BMPs to have the greatest impact in the watershed.
1.3 Research Focus
The general focus of this research was briefly outlined in section 1.2 above. It is part of the
larger LACWSA study that aims to assess the complete water budget of available resources to
improve water quality and augment water supply in the City of Los Angeles. In this section, the
specific research questions and goals addressed in this master’s thesis work are outlined in detail.
This research addresses the stormwater part of the LACSWA project. To do this, the EPA
SUSTAIN model (Section 2.4.1) was utilized to model urban stormwater flow and quality.
SUSTAIN provided the additional capability to simulate stormwater Best Management Practices
(Section 2.2) and look at the resulting water quality improvement, storm peak flow reduction,
and potential groundwater recharge. The water quality results were analyzed by comparing them
to water quality regulations provided by Total Maximum Daily Load (TMDL) compliance
standards (Section 2.6) that govern water quality in Ballona Creek. Climate change projections
were added into the model and the same benefits were quantified for future precipitation
scenarios.
The main goals of this research were to improve BMP model understanding and application
in the aggregate model framework, assess watershed-wide benefits from various scenarios, and
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determine the best implementation scenario from an integrated benefit approach. Another goal
was to test how water quality compliance is impacted with climate change disturbance, and if
BMPs could enhance future water quality and flow conditions.
Several key research questions were the motivation for this modeling effort.
1) How sensitive is receiving water body quality to BMP types and dimensions?
(Continuing work from Drew Beck thesis (Beck 2014))
2) What are the characteristics of each BMP type that influence treatment? Do
different BMPs achieve different results and why?
3) Are the optimization results in SUSTAIN realistic and can their capability be
improved?
4) How do BMPs perform at different flow regimes and under future climate
change scenarios?
5) What are the costs and benefits of achieving water quality compliance with
BMPs under current and future climate scenarios?
6) What are the constraints to the model setup with the current assumptions? How
can it be improved for other similar applications?
1.4 Scope of Research work
In order to address these research goals and science questions, multiple steps were taken to
achieve mastery of the SUSTAIN model calibrated and validated by Beck (2014). Much of the
research went into improving the existing model to produce more realistic and updated results.
The model was then applied to novel scenarios in order to improve understanding of the system
and stormwater modeling methods.  In this section, specific tasks completed in the research
process and methods used to assess model performance are detailed.
In order to address the project goals and research questions, steps were taken to
1) Understand and master the use of the previous SUSTAIN model configuration,
2) Update BMP cost values based on a large survey of existing Southern California
projects,
3) Improve the model representation of BMPs, and
4) Improve the application of the optimization tool in SUSTAIN.
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To continue the work started by Beck (2014) and further the body of research on
stormwater modeling methods, steps were taken to
5) Devise scenarios of various numbers and types of BMPs to test for compliance
based on conditions outlined in water quality regulations,
6) Improve the BMP scenarios if possible to be more compliant,
7) Test the performance of BMP scenarios under various climate change conditions,
8) Observe differences in BMP behavior in different flow regimes and climate
change scenarios,
9) Quantify the associated ancillary benefits for each BMP scenario (peak flow
reduction and potential groundwater recharge), and
10) Understand the limitations of the current SUSTAIN model configuration and
how the model can be improved to better represent the system.
With the completion of these tasks, conclusions and recommendations were made for
implementation of BMPs to address water quality in urban watersheds. Observations of
stormwater modeling improvements and future research focuses were presented as well.
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CHAPTER 2
STORMWATER MODELING AND BEST MANAGEMENT PRACTICES
Stormwater modeling has been employed throughout the world to simulate surface water
runoff and quality in urbanized watersheds (Tsihrintzis and Hamid 1997; Zoppou 2001; Wong et
al. 2002; Fletcher, Andrieu, and Hamel 2013; Coutu et al. 2013; US EPA 2015a; Willems 2013).
Anthropogenic activities contribute non-point source pollutants to urban land-uses which
accumulate and are washed off during precipitation events, contributing pollutants to urban
stormwater runoff (Marsalek et al. 1999; Davis, Shokouhian, and Ni 2001; Brown and Peake
2006; H. Lee et al. 2007). Prevalent pollutants in stormwater runoff include nutrients (nitrogen
and phosphorus species), suspended solids, metals, organic compounds, and bacteria (W. J.
Walker, McNutt, and Maslanka 1999; Brezonik and Stadelmann 2002; S. T. Y. Tong and Chen
2002; H. Lee et al. 2007). Stormwater control measures (SCMs) include structural and non-
structural Best Management Practices (BMPs), Low Impact Development (LID), and green
infrastructure and have been implemented in urban watersheds to remove these pollutants from
stormwater (Urbonas 1994; LA DPW 2002). They can be effectively incorporated into
stormwater models to create a tool to determine the most cost effective implementation strategy
to reduce non-point source pollutants in stormwater, before large construction costs are
dedicated.
2.1 Metal contamination in stormwater
Metals and suspended solids (SS) are mostly conservative constituents in stormwater,
meaning that they do not grow or decay once they are generated from their source. In the current
research, metals and SS were simulated due to their conservative nature. Metals follow the
settling behavior of SS and most often are adsorbed to SS particles in surface water (Warren and
Zimmerman 1993; D. J. Walker and Hurl 2002; Scholes, Revitt, and Ellis 2008; Gasperi et al.
2010). Scholes et al (2008) gives an excellent categorization of the various BMP types and their
governing pollutant removal mechanisms. These include physical settling and infiltration
processes, physico-chemical processes of adsorption and precipitation, and biological processes
such as vegetation uptake and microbial degradation. The models discussed later in this section
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are capable of simulating a first order decay rate for pollutant species independently or adsorbed
to SS (SUSTAIN, SWMM, LSPC, HSPF) (Shoemaker et al. 2009; US EPA 2015c; US EPA
2015b; Donigian, Bicknell, and Imhoff 1995). In the current research, metal species were
assumed to be adsorbed to SS or in particulate form that follow the same first order decay
behavior.
Various urban land uses contribute metal pollutants to surface water bodies in stormwater
runoff (Liu et al. 2011; LA DPW 2014). Copper, lead, and zinc have been found to be the main
metals of concern in stormwater runoff (W. J. Walker, McNutt, and Maslanka 1999; Marsalek et
al. 1999; German et al. 2005; Hvitved-Jacobsen, Vollertsen, and Nielsen 2010). Several studies
indicated that industrial and transportation land-uses contributed the most metal contaminants to
stormwater runoff (Marsalek et al. 1999; Brown and Peake 2006; H. Lee et al. 2007) and greater
copper and zinc were observed from high-traffic roadways. Davis et al (2001) showed through
laboratory testing and in-situ sampling that significant contributions of copper to stormwater
came from brake pads and metal siding on buildings. Zinc came mainly from tire wear, brick
buildings, and zinc-galvanized iron roofing materials (Brown and Peake 2006), with a small
contribution from used engine oil. Lead contributions were mainly from building materials such
as paints or brick and wood treatments. Copper (Cu), lead (Pb), and zinc (Zn) were found at
levels exceeding water quality standards in Ballona Creek, and are therefore the metals modeled
in the current research (LARWQCB 2013).
2.2 Best Management Practices
Stormwater quality modeling helps understand cycles in pollutant concentrations in rivers
and streams due to storm surges (Booty and Benoy 2009), and can be used to design mitigation
strategies to decrease that pollution – either by addressing point sources of pollutants or
demonstrating the effect that natural treatment processes such as vegetation uptake or infiltration
can have on removing pollutants from non-point sources (Barbosa, Fernandes, and David 2012;
Fletcher, Andrieu, and Hamel 2013; Ladislas et al. 2015). BMPs and LID technologies utilize
these natural treatment processes with goals of minimizing connected impervious surface
pathways, infiltrating runoff, and attenuating flow by detention and retention of runoff volumes
(Urbonas 1994; LA DPW 2002; “Low Impact Development Center” 2014). BMPs include
regional projects that capture stormwater runoff for groundwater recharge and potential reuse,
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and distributed projects such as Low Impact Development (LID) practices that aim to capture
runoff close to the point of origin.  A main goal of LID is to return urban parcels to a more
natural hydrologic regime by increasing pervious surface area with native vegetation and soils
(Prince George’s County, MD 1999).
These measures used to mitigate increased runoff from urbanization also reduce pollutant
loads carried by storm runoff (Scholes, Revitt, and Ellis 2008). Many studies have been
completed to show the pollutant removal capability and flow attenuation behavior of various
BMP types. Detention basins, also known as dry ponds, and retention basins, known as wet
ponds, are some of the more prevalent BMP types. Whipple and Hunter (1981) were some of the
first to sample pollutant removal efficiency in detention basins via sedimentation processes.
Detention basins capture and hold water while pollutants settle and then release water
downstream, with only small amounts of infiltration in the basin. Scott et al (1999) compared the
dry detention basin to a wet retention pond that holds the water longer and allows greater
infiltration. They showed that the wet retention pond reduced the consequences of flooding by
infiltrating more of the water instead of releasing it downstream. Retention and detention basins
have appreciable metal removal efficiencies of 23% to 55% for Cu, Pb, Mn, and Zn (Birch,
Matthai, and Fazeli 2006; Stanley 1996). Hvitved-Jacobsen et al (1994) found that a wet
retention pond removed the most stormwater and highway runoff pollutants compared to other
treatment methods including hydrodynamic separator technology, flotation/settling tank, and
coarse filtration.
Vegetated BMPs remove heavy metals and nutrients in stormwater runoff by infiltration,
surface storage, precipitation, biological uptake, or sorption, as Yousef et al (1985) showed by
treating highway runoff with roadside vegetated swales. Constructed wetlands have been shown
to have variable removal efficiencies (80% to 100% for lead, cooper, and zinc during a storm
event, and -180% to 68% during dry weather for two different sites studied by Scholes et al
(1998)) but overall have been successful when coupled with a detention basin (Martin and Smoot
1986; Meyer 1985). Several more recent studies report effectiveness of constructed wetlands to
remove metal pollutants from highway runoff (Dunbabin and Bowmer 1992; Mungur et al. 1995;
Shutes et al. 1997; Kohler et al. 2004). These studies show the variability of removal efficiency
values. They vary regionally, across BMP types, and even between storm events and dry periods.
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This introduces uncertainty in stormwater modeling with BMPs, which needs to be
acknowledged and addressed whenever possible.
2.3 Ecosystem Services and Ancillary Effects
Reducing pollutants in surface water runoff has many benefits including improving health of
human and aquatic life and other ecosystem services. Ecosystem services describe societal and
environmental benefits that are difficult to quantify or even measure, including reduction of the
urban heat island effect, mitigation of the effects of flooding or drought, improved air quality,
increased social equity, increased education opportunities, and improved community aesthetics,
all leading to improved quality of life (Demuzere et al. 2014).
Several studies have attempted to survey and quantify these benefits. Moore and Hunt (2012)
used several methods to try to quantify benefits of carbon sequestration, biodiversity, and
cultural services of wet ponds and vegetated constructed wetlands, though the resulting benefits
were only relative to the BMP types discussed. Demuzere et al (2014) presented a thorough
review of empirical evidence for the benefits of ecosystem services. However, a main finding
was that it was still difficult to draw quantitative conclusions about the benefits because the
impacts of ecosystem services were reported at various spatial scales in different regions and
climates, making it very difficult to compare. Tong et al (2007) and Jenkins et al (2010) took a
mathematical approach to valuing ecosystem services by multiplying the cost by the quantity per
unit area, units of which were distilled down individually in each service category, and then they
compared current and future restored valuation. Tong et al (2007) determined that the current
condition of their study area was only 10.5% of its full potential value when ecosystem services
were valued with their mathematical methods, and could provide 89.5% more value once fully
restored. Jenkins et al (2010) showed that the monetary value of societal benefits gained by
restoring forested wetlands in the Mississippi Alluvial Valley would meet the restoration cost to
the public within one year. Analysis of the current and future market value of land including
ecosystem services showed that the area potentially had more value as restored wetlands than it
did as agriculture.
The Integrated Valuation of Ecosystem Services and Tradeoffs tool (InVEST) was developed
by Tallis and Polasky (2009). InVEST combines accepted biophysical process models
(hydrologic, water quality, ecology) and economic models to assess the value of ecosystem
11
services. This tool has been used to forecast the future ecosystem losses due to the current
urbanization trajectory in developing countries, specifically in the Amazon in Brazil (Porro,
Borner, and Jarvis 2008). InVEST determined the immense value that would be lost if current
development practices continued, providing extra economic incentive to preserve the remaining
rainforest. The authors’ vision was for InVEST to provide a much needed connection between
ecosystem service demand and supply. The goal of InVEST is to put a value on the demand for
the societal benefits and attempt to balance that with the supply cost recognized by natural
resource planners and managers. Whether they are quantifiable or not, emphasizing ecosystem
service goals when developing BMP implementation plans has multiple benefits for all.
Ancillary effects of BMP implementation include diminished long-term pollutant
accumulation in receiving water bodies and reduced potential for contamination and mobilization
of pollutants in groundwater (Schirmer, Leschik, and Musolff 2013). Wigington et al (1983),
Nightingale (1975), and Guo (1997) sampled soils in stormwater detention basins that showed
metal concentrations below hazardous levels, although they were greater than samples from a
control basin. The contaminants (lead, zinc, and copper) exhibited little to no downward leaching
in the upper soil layers, except in the study by Guo (1997). In that study, the estimated metal
load in the basin was lower than expected, possibly due to leaching into groundwater, or
uncertainty in the estimation of the expected amount.
However, there may be other drawbacks to implementing stormwater capture technologies
that have not been fully investigated yet. Ladislas et al (2015) showed that certain plant species
accumulate nickel and zinc in their roots and leaves (copper was not tested). A study by
Campbell (1994), reported that fish in stormwater treatment ponds showed increased levels of
heavy metals in their tissues compared to fish from a control site. More research is needed to
make sure that these contaminants do not bioaccumulate and affect the broader ecosystem.
Identifying maintenance activities to remove contaminated sediments and plants could help
mitigate these issues. More research is needed to investigate these lesser known effects.
Modeling storm event volume, peak flow, quality of runoff, and ancillary benefits
encourages intelligent infrastructure and water management planning. This ultimately provides
protection of property from flood events, reduces ecosystem degradation from erosion and poor
water quality, and increases health of human and aquatic life. Stormwater BMPs were applied in
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the current research to assess their capability to improve stormwater quality, reduce peak
stormwater flows, and increase groundwater recharge.
2.4 Overview of models
Many models have been developed to simulate urban storm water runoff and quality since
the late 1960s (Jacobson 2011), and have been extensively reviewed by many authors in the last
few decades (Tsihrintzis and Hamid 1997; Zoppou 2001; Singh and Woolhiser 2002; Elliott and
Trowsdale 2007; Jacobson 2011; Fletcher, Andrieu, and Hamel 2013; Pitt and Clark 2008). A
select few of these models that have been more widely used in the United States are presented
here with several case studies to illustrate their capabilities.
HSPF (Hydrologic Simulation Program – FORTRAN) was one of the original hydrologic
models (Bicknell et al. 1996) that started as the Stanford Watershed Model (Singh and Woolhiser
2002). It simulates the full hydrologic cycle with precipitation, overland flow, sediment
transport, and water quality over pervious and impervious surfaces (Bicknell et al. 1996). HSPF
has since been coupled with other models as a robust sediment transport model. For example,
LSPC (Loading Simulation Program in C++) uses HSPF algorithms (US EPA 2015b), HSPF is
coupled with EPA-SWMM (Stormwater Management Model) in the EPA-SUSTAIN model
(Shoemaker et al. 2009), and it has been incorporated into the EPA-BASINS (Better Assessment
Science Integrating point & Non-point Sources) model (Saleh and Du 2004). SWMM and
BASINS will be explained in more detail below.
DR3M-QUAL (Distributed Routing Rainfall-Runoff Quality Model) is another early urban
runoff model from the USGS linking overland flow, channel networks, and reservoir storage
with soil moisture and evapotranspiration accounting (Alley and Smith 1982). Brabets (1987)
compared DR3M-QUAL with PRMS (Precipitation Runoff Modeling System) model outputs
over a small watershed. DR3M-QUAL estimated seasonal pollutant loading, but did not do well
with smaller time steps or event load estimation. This model is meant for watersheds smaller
than 40 acres, and mention of it in the literature is sparse after the 1980s, suggesting there are
more currently applicable models available.
A well-studied model is LSPC (Loading Simulation Program in C++) which improves the
hydrologic, sediment, and water quality algorithms from HSPF and includes a database for easier
manipulation of meteorological forcing data (US EPA 2015b). LSPC has been applied to help
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water managers meet Total Maximum Daily Load (TMDL) water quality regulations. Shen et al
(2005) coupled the rainfall-runoff modeling capability in LSPC with the Tidal Prism Water
Quality Model (TPWQM) to assess fecal coliform (FC) in an estuary in Virginia. Load
reductions needed to meet FC TMDLs were predicted from the model, though no treatment
methods were recommended. In another report by Carter et al (2005), Tetra Tech developed a
hydrologic model for the Sacramento River watershed to aid the Central Valley Regional Water
Quality Control Board (RWQCB) in determining the TMDLs for impaired stream reaches under
Section 303d in the Clean Water Act. LSPC was used to model the rainfall-runoff stormwater
flow in the watershed coupled with the Environmental Fluids Dynamic Code (EFDC) to model
the complex hydraulics in the main channel with multiple tributaries and diversions. This model
led to the development of basin plans and TMDLs for multiple pollutants of concern in the
region (Central Valley RWQCB 2013). Tetra Tech also led the modeling effort for Athens-
Clarke County in Georgia using LSPC along with the BMP DSS Navigator tool, a decision
support model to determine the most cost effective configuration of BMPs. Using these two
models, they simulated the existing hydrologic and water quality conditions of the watersheds for
nutrients and total suspended solids (TSS) to develop a watershed management plan (Tetra Tech
2012).
STORM (Storage Treatment Overflow Runoff Model) from the U.S. Army Corps of
Engineers is a simple continuous model that simulates runoff and water quality on urban or non-
urban watersheds with land-use and precipitation as the main drivers. It calculates statistics of
runoff volumes and BMP overflow frequency along with loads and concentrations of basic water
quality parameters (SS, nutrients, coliform, but no metals) (Hydrologic Engineering Center 1977;
Park and Roesner 2012; J. G. Lee, Heaney, and Lai 2005). An adaptation of STORM was used
to determine BMP capture volumes for the California Stormwater Quality Association BMP
Handbook (CASQA 2003; Park and Roesner 2012). STORM was implemented with external
BMP models in case studies as a simple way to assess BMP effectiveness in reducing stormwater
flow volumes and pollutant loads. Viavattene et al (2010) incorporated their own BMP
placement tool with STORM and showed that porous pavement and green roofs achieved 25%
flow reduction in the UK. Another study used a very similar model to STORM called WinVAST
(Virginia STorm model in Windows) to implement BMPs in a synthetic watershed to determine
an optimal number of BMPs needed to remove SS at an optimal cost (Chang, Lo, and Huang
14
2008). Though their synthetic watershed results are not directly comparable to this thesis results
from an actual watershed, the similar conclusion was reached that the most effective BMP
placement was downstream near the channel outlet, or near to the main channel stem.
A more complex model that is widely implemented by consultants and municipalities is
EPA-SWMM, the Stormwater Management Model. It routes flow volume and pollutant loads
through the urban hydraulic conveyance network and is capable of simulating both discrete
events and continuous time periods (Rossman 2010).  It also can take inputs from other models
with more discretized pollutant loading simulation from the source and parcel scale (Pitt and
Clark 2008). SWMM has been applied in urban areas to quantify the change in hydrology due to
percent impervious and land-use changes, implement BMP or LID technologies to assess
hydrologic changes, and optimize the most effective BMP plan for the lowest cost. A sample of
these case studies are outlined below.
Ouyang et al (2012) examined how the amount of impervious land-cover affected pollutant
removal rates in Beijing, China and found greater removal with less impervious cover. They also
analyzed first flush characteristics in the runoff modeled in SWMM. Barszcz (2015) showed
that a 40% increase in urbanized land uses resulted in 19 times greater peak flow rate and 39
times greater flow volume in Warsaw, Poland. He also implemented a number of LID techniques
in SWMM, and found that bioretention and green roofs led to 39% peak flow rate reduction and
50% runoff depth reduction. Another interesting simplistic approach taken to model LID was to
route impervious runoff from a parcel to the pervious area within that same parcel. This was
done by Huber and Cannon (2002) for an urban catchment in Portland, Oregon, and resulted in
significant 56% decrease in the 5-day runoff volume.
Thériault and Duchesne (2015) used SWMM to model FC in a small watershed in Canada in
which the time of concentration was less than persistence of FC in the waterway. They found
that the addition of retention ponds to capture combined sewer overflow (CSO) events would not
reduce FC contamination downstream, but stormwater control measures that reduced stormwater
runoff that would reduce the occurrence or magnitude of CSO events would be effective.
SWMM was also used to implement BMPs to mitigate climate change effects by Ghazal,
Ardeshir, and Rad (2014). They found that implementing new BMPs with existing canals
achieved better benefits with lower cost compared to widening the canals. Li et al (2015) applied
a multi-objective optimization model with SWMM to find an optimal detention basin design for
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reduced flood risk and cost. This optimization technique was similar to the algorithms
incorporated with SWMM in the EPA SUSTAIN model, described in more detail in section
2.4.1.
Stormwater models that have been developed by individuals, private companies, or
municipalities include SBPAT (Structural BMP Prioritization and Analysis Tool) (Geosyntec
Consultants 2008), WMMS (Water Management Modeling System) (LACFCD 2013), and
WinSLAMM (Windows-based Source Loading and Management Model) (Pitt 1998; Pitt and
Clark 2008).
WinSLAMM has recently become more widely recognized and applied due to new
capabilities (Pitt 1998; Pitt and Clark 2008). It is capable of simulating the source contributions,
outlet concentrations, and loadings of many water quality contaminants, including biological
environments in surface waterways, and also outputs total program costs and flow-duration
probability curves (Pitt and Clark 2008). Hurley and Forman (2011) assessed 200 acre industrial
and commercial sites with various configurations and numbers of detention ponds and biofilters
implemented in WinSLAMM. They found that 100% of drainage area needed to be treated in
order to achieve 65% reduction in phosphorus from runoff. Once that condition was met, 65%
phosphorus reduction was achieved with BMP treatment surface area covering only 5% of the
total site area.
Dorsey (2009) used WinSLAMM to model disconnected impervious surfaces and implement
a bioretention and swale project and porous pavement installation in Ohio. This study
recommended that more LID techniques needed to be required in new development regulations,
based on the success of the model results. Rector et al (2012) also looked at disconnecting
impervious surfaces through the implementation of rain barrels on a neighborhood scale. With
100% of the properties installing rain barrels, they achieved 66-68% reduction in roof runoff
volume. The authors also performed public surveys on the perception of rain barrels and their
benefits, providing some insight into the ecosystem services of LID in a different way than
monetary valuation exercises (section 2.3).
Other stormwater models, such as the EPA-BASINS model (Better Assessment Science
Integrating point & Non-point Sources) (US EPA 2015e) and MUSIC (Model for Urban
Stormwater Improvement Conceptualisation), developed by the Cooperative Research Centre for
Catchment Hydrology (CRCCH) in Australia (Wong et al. 2002), provide a decision support
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system (DSS) capability as well as stormwater modeling framework. The U.S. EPA’s System
for Urban Stormwater Treatment and Analysis (SUSTAIN) model can also be grouped with
BASINS and MUSIC because it contains a decision support tool for BMP placement and cost
reduction. These models are capable of simulating optimization scenarios of BMPs of varying
complexity for water quality treatment and flow attenuation.
BASINS is a complex modeling system that brings together large datasets of watershed
characteristics with precipitation and meteorological data, rainfall-runoff models for urban and
natural land-uses, water quality models, and decision support systems and includes a database of
impaired water bodies and water quality data. EPA-WARMF (Watershed Analysis Risk
Management Framework) is coupled to BASINS as well to aid in TMDL analysis and watershed
management planning (US EPA 2015d).
MUSIC was developed in Australia and used extensively by urban water managers as it is
regarded as easier to use and more conceptual than SWMM (Wong et al. 2002; Elliott and
Trowsdale 2007).  It performs similar simulations of water quantity and quality routing and
determining BMP treatment effectiveness, along with a decision support system (DSS) to
develop integrated stormwater management plans and compare results to water quality standards.
In one study, field data was collected from several BMPs and compared to estimates of pollutant
removal in the MUSIC model (Imteaz et al. 2013). Flow estimates were close, but pollutant
removals were variable when compared with observed data. This echoes the findings in the
current thesis research that water quality is extremely hard to represent in a model and predict,
based on the wide potential for variability in observed data. MUSIC has been applied to
municipal projects to size stormwater detention facilities, determine the best approach to meet
water quality standards, and integrate multiple benefits in the DSS framework. There are many
case studies referenced on the product website (eWater 2012).
The EPA-SUSTAIN model was developed by Tetra Tech and the US EPA from SWMM and
HSPF to incorporate the urban drainage routing with sediment and pollutant transport modeling
capabilities (Shoemaker et al. 2009). SUSTAIN is unique because it incorporates distinct
physically-based BMP dimensions and hydrologic parameters for each BMP type.  SUSTAIN
also includes an optimization module to optimize costs and pollutant removal for multiple BMPs
in a scenario (Shoemaker et al. 2009).  At the parcel scale, SUSTAIN can be used as a tool to
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determine the most cost effective placement strategies for BMPs in new development or retrofit
projects.
An in depth model comparison was conducted by Beck and SUSTAIN was chosen to
simulate stormwater runoff quantity and quality in the heavily urbanized Ballona Creek
watershed (Beck 2014). SUSTAIN was selected over other stormwater models because it
represents structural BMPs using physical dimensions, soil infiltration properties, and pollutant
decay factors.  SWMM was considered, but as SUSTAIN is based on SWMM for the hydrologic
parameterization and routing, SUSTAIN was more optimal due to this additional BMP
optimization capability. For more information on the SUSTAIN model, its applicability to this
research, and BMP modeling capabilities see Section 2.4.1.
SBPAT was also considered but was not chosen because it assumes a BMP effluent pollutant
concentration derived from the International BMP Database (IBMPD) (Geosyntec Consultants
2008; BMP Database 2014), and that BMPs in SUSTAIN can be explicitly parameterized.  An
ultimate goal of using SUSTAIN in this urban stormwater modeling project was to tailor the
BMP parameterization of physical dimensions, soil characteristics, and pollutant removal to
BMPs in Southern California, more specifically than with data in the IBMPD. This goal was
contingent on additional BMP data becoming available for the arid western region of the US and
completing an extensive BMP parameter sensitivity analysis, both of which were outside the
scope of this current report.
2.4.1 EPA SUSTAIN model
In this section, the four major components of the EPA’s SUSTAIN model – the land module,
BMP module, routing module, and optimization module (Shoemaker et al. 2009), will be
discussed in more detail.
First, the hydrology (water quantity) of the watershed is simulated in SUSTAIN’s land
module.  The precipitation and evaporation time-series are specified in the land component.
Bulk hydrology parameters governing infiltration and overland flow are calibrated.  Water
quality contributions are assigned to land-use categories that are then used to generate pollutant
loadings in runoff contributions from each land-use category.  SUSTAIN can simulate first order
pollutant concentration response to storm events with the Event Mean Concentration method. It
can also simulate power law relationships of pollutant build-up on land areas over time and
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wash-off to simulate a “first flush” pollutant behavior (pollutograph) that corresponds to the
intensity of the storm hydrograph. The build-up/wash-off method is potentially a more accurate
representation of pollutant loading in receiving waters, but due to lack of data on antecedent
conditions in the watershed, it was not able to be applied in this study. SUSTAIN is best applied
when modeling conservative metal pollutants because it does not take into account exponential
growth or decay that would be present in biological pollutants such as bacteria. SUSTAIN was
applied in this way to the Ballona Creek watershed modeling analysis.
The conveyance module routes runoff through the storm sewer pipe and channel network
after it is generated by the overland flow in the land module. This component uses EPA SWMM
functionality. For more detailed information on SWMM channel routing, see the SWMM manual
(Rossman 2010).
After the hydrology and water quality for the basin of interest are calibrated and validated in
the land module, the BMP module allows the user to specify structural BMPs (stormwater
capture) or non-structural BMPs (street sweeping frequency) to mitigate pollution from
stormwater runoff. The BMP module was designed to simulate general process steps that occur
in structural BMPs that can be combined to represent unique BMP types beyond what is pre-set
in the model. Flow and pollutant time-series are routed through physically-based BMP modules
via process steps including inflow, infiltration, evapotranspiration, weir or orifice outflow, and
deep percolation to groundwater. Multiple pollutant routing and removal mechanisms can be
specified and tested. BMP infiltrative treatment media properties can be specified such as
infiltration rates, porosity, suction, and soil moisture content. This allows the BMPs in each case
study to be customized to simulate the desired BMP strategies. This enhanced parameterization
and level of detail applied to BMPs in SUSTAIN is based on the Prince George’s County BMP
module (Zhen et al. 2006). Benefits of this added BMP simulation are the ArcGIS user interface,
process-based algorithms that can simulate flow and pollutant removal through the BMPs, and
the capability to optimize the size and site location of each BMP type based on user-input
conditions.
Along with the capability to model unique BMP types in SUSTAIN, various pre-defined
BMP types are available as well. These types include detention and retention ponds (wet or dry),
vegetated swales, infiltration trenches, rain barrels/cisterns, green roofs, porous pavement, and
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rain gardens/bioretention basins (Shoemaker et al. 2009).  More detailed descriptions of the types
of BMPs implemented in this study are in section 3.2.
The optimization module is designed to help determine the most cost effective combinations
of BMPs and can be utilized to determine the most effective site placements as well. The costs
are minimized in tandem with a user-specified evaluation factor, such as annual pollutant load
reduction or annual flow volume reduction.  A pareto solution showing a cost-effectiveness
curve of optimal BMP solutions can be generated by the NSGA-II algorithm. Another
optimization method available is the Scatter Search algorithm, which minimizes the cost with
respect to load or flow volume reduction. In this research, the NSGA-II algorithm is employed.
2.4.2 SUSTAIN case studies
SUSTAIN has been used by municipalities as a tool to help plan BMP implementation
strategies. These case studies served as examples for the model setup and goals of the current
research. In the case studies, the BMP types, aggregate BMP setup, evaluation factors, types of
optimization schemes, and methods to determine the optimal solution were examined. These
informed the model setup for this analysis of the Ballona Creek watershed.
The Oak Creek watershed case study in Milwaukee, Wisconsin utilized distributed BMPs
including porous pavement, rain barrels, and bioretention, and centralized infiltration basins over
a 27 square mile watershed. The aggregate BMP setup was used, with residential runoff routed to
rain barrels and bioretention, commercial runoff to porous pavement and then to bioretention,
and all BMP outflow to the regional infiltration basin.  The NSGA-II optimization method was
used in which they targeted TSS annual load reduction as the evaluation factor. They found it
was more cost-effective to place BMPs in downstream sub-basins compared to those upstream in
the watershed, due to more pollutants flowing into the downstream basins. Rain gardens were
preferentially chosen in the optimization, presumably due to their low cost relative to the other
BMPs. The outcomes of this modeling exercise demonstrated the importance of setting accurate
constraints in the optimization process (Shoemaker et al. 2009).
A case study in Fairfax County in Virginia looked at peak flow reduction for flood control
and reduction of sediment and nutrient pollutants for a watershed covering 7 square miles in
order to develop their watershed master plan (Fairfax County 2007). Shoemaker et al (2009)
routed runoff from highways and roads to bioswales (bioretention in a vegetated swale),
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residential and other urban runoff to bioretention rain gardens, and the resulting BMP outflow
and all other bypass flow to a regional wet pond near the outlet in an aggregate BMP
configuration.  They had specific design goals of providing peak flow reduction for the 10 year
design storm and minimum of 40% total phosphorus load reduction. Two distinct sets of best
solutions were generated using scatter search, one targeting flow reduction, the other targeting
load reduction. The best solution was where the two solution sets overlapped. This case study
illustrated the success of using the aggregate BMP configuration and demonstrated how scatter
search can be used to optimize multiple decision variables, flow and load reduction (Shoemaker
et al. 2009).
These case studies illustrate how municipalities can utilize SUSTAIN to help create
stormwater management plans. There are not more comprehensive large-scale studies published
because typically they are contracted out by the municipality to consulting firms, who do not
have the time to delve into more detail with the goal of furthering the understanding of the
system (urban stormwater modeling), enhancing the capability of the tool (SUSTAIN or other
models), or publishing to academic journals. Therefore, this research project serves as a unique
opportunity to assess the capabilities of SUSTAIN to accurately model water quality and BMP
treatment over larger catchment areas from the academic viewpoint, resulting in ideas for
improvement and further research to enhance stormwater and BMP modeling for these
applications.
2.5 Stormwater Modeling with Climate Change
The current research presents a unique opportunity to analyze watershed-scale stormwater
management with BMPs under future disturbances such as climate change or land-use changes
from anthropogenic influences.  Several literature studies have been done that investigate these
potential changes.  These studies can be grouped by several key attributes. These include the
type of stormwater model that was used, the way the disturbances were applied in the model, and
whether or not BMPs were considered as a mitigation strategy.
A few studies used simple stormwater models with various disturbances that could result
from increased population or climate change. They looked at the effect those disturbances had on
existing infrastructure or simplified BMPs/LID that were represented by increased pervious
cover or increased surface depression storage in the model. LaFontaine et al (2015), used PRMS
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to model surface and groundwater flow with various stresses applied. They found that increasing
surface depression storage helped to mitigate excess runoff from increased urbanized land uses
and increased groundwater allocation in PRMS. Pyke et al (2011) used a curve number based
stormwater model, SG WATER, to look at changes in stormwater runoff and pollutant loads in
response to precipitation volume changes, storm event intensity changes, and reduction in
impervious land cover (to simulate LID). An interesting finding of this work is that the annual
runoff volume was most sensitive to changes in impervious cover over precipitation volume and
intensity changes. This illustrates the capability of a small increase in pervious land cover to
counteract the additional runoff from increased precipitation event volumes and intensities.
Andersson-Sköld et al (2015) looked at many methods to mitigate climate risks, including
increased vegetation, urban planning (density, height, color of buildings), and methods to address
sea level rise. The best solutions integrated increased vegetation and less dense building layouts.
This study lacked a more detailed quantification of stormwater control measures such as LID or
BMPs to achieve the integrated benefits. The current research strives to add this quantitative
analysis.
Several studies used more complex and detailed stormwater models to assess the effects of
climate change on existing infrastructure, but did not analyze BMPs as methods to mitigate those
climate change effects. Denault et al (2006) used SWMM and a simple rainfall trend adjustment
to simulate increased short duration rainfall intensity. They only looked at the capacity of
existing infrastructure to handle change, not additional BMPs. The results focus mainly on the
cost of investing in improvements. The study provides a methodology for municipal planners to
assess the upgrades necessary for their local watersheds.
Willems et al (2012) gave a thorough review of climate projection downscaling methods,
uncertainties, and issues with applying downscaled climate projections to local-scale urban
drainage studies, which raised some relevant implications for the current research. This was
followed by a study in which Willems et al (2013) compiled 44 regional and 69 global climate
model runs and determined new Intensity-Duration-Frequency (IDF) statistics and new design
storms based on those projections out to 2100 for their study area in Belgium. They found that
the 10 year design storm intensity will increase up to 50% by 2100, meaning infrastructure that
was designed for the 20 year flood event will flood at a 5 year recurrence interval by 2100. They
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also modeled stormwater capture urban drainage infrastructure capacity and found that increased
storage capacity of 11-51% is needed to maintain the current level of protection.
Coutu et al (2013) looked at build-up/wash-off models of stormwater pollutants under future
climate projections without BMPs. They found that runoff is more polluted in summer due to
more concentrated pollutants from lower summer storm flows and fewer storm events. These
findings will be useful to compare to the model results from the current research that is based on
Event Mean Concentration (EMC) pollutant modeling.
Wilson and Weng (2011) used the SWAT model to estimate TSS and TP concentrations with
land use changes (without BMPs) under IPCC climate change projections from 2010 to 2030.
They found that climate change has a greater impact on predicted water quality than proposed
land-use changes, and the magnitude of the water quality changes were heavily sensitive to the
specific climate emission scenario that were applied. This finding was in disagreement with Pyke
et al (2011) who found that runoff volume was most sensitive to land-use changes (changes in
impervious percent) when simple precipitation volume or event intensity adjustments were
implemented. This exemplifies the sensitivity of stormwater models to the manner of climate
change adjustments – simplified methods do not give the same results as the more detailed global
climate model projections. On a much smaller scale, the response of specific BMPs to climate
change disturbances has been studied as well. The function of bioretention systems were
modeled in DRAINMOD under climate change adjusted precipitation data by Hathaway et al
(2014). The frequency and volume of overflow increased under climate change scenarios, and
increased bioretention basin depth of up to one foot was shown to be necessary to match results
from the pre-climate adjusted baseline simulation.  However, no pollutant removal results were
assessed in this study. This type of research will be useful in future work with SUSTAIN to
better parameterize the BMPs to improve infiltration and peak flow reduction behavior of BMPs
under disturbances.
The climate study done by Los Angeles County in 2013 is an example of a stormwater
modeling study in which downscaled climate atmospheric forcing projections from the IPCC and
CMIP-3 and CMIP-5 datasets were applied to a stormwater model over urban watersheds in LA .
This study included a simplified future LID implementation scenario (Alexanderson and
Bradbury 2013). The amount of LID treatment volume was approximated by gradual decreasing
impervious land cover percentages over the simulated time period of 2012-2095. They found that
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stormwater runoff volume increased overall, but decreased by adding LID. Stormwater recharge
increased in most cases but decreased when LIDs were implemented. This is because recharge
was measured at the existing spreading facilities in the study area, and LID increased infiltration
upstream of those recharge basins. Peak flows were not affected by the modeled LID
implementation, which could be due to the 85th percentile design storm was used to determine
the treatment volume needed. This means that the LID will capture runoff from storm sizes that
occur 85 percent of the time, which limits their capacity for large storm events. Additionally, the
approximation of LID in the model is not very robust. Only decreasing the percentage of
impervious area to simulate LID does not account for special BMP media with higher infiltrative
capacity or increased surface storage depths of actual LID-type BMPs. A goal of the current
research is to assess the effect of these physical BMP attributes to achieve more hydrologic
benefits.
The current research takes a combination approach to stormwater modeling with climate
change, such that it is different from most studies currently in the literature. This research applies
climate change-adjusted meteorological data derived from studies by the International Panel on
Climate Change (IPCC) to a detailed stormwater model with specific BMPs that are physically
represented with lumped attributes across the watershed.  It is most similar to the Los Angeles
Basin Stormwater Conservation Study, but with more detailed BMP representation. Assessment
of the regulatory compliance of each scenario is unique to this study as well. A main goal of this
stormwater modeling with climate change is to critically assess the model’s assumptions and
understand how to improve the model performance for climate change predictions.
2.6 Regulatory Motivation
A comprehensive overview of the regulations in place in California after the Clean Water Act
was established are included in Beck’s thesis (Beck 2014). A brief overview of the relevant
regulations is presented in this section.
Section 402 of the Clean Water Act, passed by Congress in 1972 (US EPA 2011), required
the EPA to develop the National Pollutant Discharge Elimination System (NPDES), a permitting
program to be administered by the states. The states were charged to identify impaired water
bodies and devise their own methods to address the polluted waterways. California created the
State Water Resources Control Board (SWRCB, or SWB) that coordinates with the EPA to
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administer the NPDES. The SWB has nine regional boards and the City and County of Los
Angeles in southern California are in region 4, called the Los Angeles Regional Water Quality
Control Board (LARWQCB) (LARWQCB 2015). In order to address pollution in impaired water
bodies, the regional boards established Municipal Separate Storm Sewer System (MS4) permits
to govern point source and non-point source discharges to local receiving water bodies. Within
the MS4 permit, total maximum daily loads (TMDLs) were determined for outlets in receiving
waters mainly to address non-point source pollution. This is a total daily pollutant load limit
specified for pollutants of concern, specific to each water body. Each creek, river, tributary, bay,
or other receiving water has its own set of TMDLs based on which pollutants are the largest
contributors to impairment (US EPA 2015a). In theory, the TMDL limit cannot be exceeded on a
daily basis. To be lawful, states need to demonstrate compliance with these TMDL regulations.
Methods for demonstrating compliance (frequency and type of water quality sampling) are
currently under review by the SWB (LARWQCB 2015).
The Southern California Coastal Water Research project found that in Ballona Creek, dry
weather flows account for only 30% of the annual flow volume but carries the majority of the
metal pollutant load per year (Liu et al. 2011) (85% of the year is dry flows, only 15% of time is
storms). This highlights the importance of reducing pollution in flows from urban runoff.
Hydrologic modeling of stormwater runoff can be applied to identify pollution mitigation
strategies, provided there is enough water quality data available to calibrate and validate the
model sufficiently.
2.6.1 TMDLs in Southern California
In the Ballona Creek Watershed, the Los Angeles County NPDES MS4 permit requires
compliance with Total Maximum Daily Loads (TMDLs) in impaired water bodies in the
watershed. With the TMDLs emphasizing trash, bacteria, toxics and metals as pollutants of
concern (LARWQCB 2015), efforts were made to determine if each of these constituents could
be modeled in this study. Trash is not easily represented in any typical models. Bacteria is very
variable over short periods of time and related to water temperature and available nutrients,
which are not simulated in SUSTAIN as a factor in bacteria loading. It was determined that due
to the broad, watershed scale of this study, that only conservative pollutants with well
documented water quality and BMP performance data available (a significant sample size with
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standardized units) would be feasible to model.  Hence, only copper (Cu), lead (Pb), and zinc
(Zn), were modeled.
The metals TMDL targets and allocations have different limits based on the flow regime for
a given day.  If runoff from a precipitation event contributed to channel flow, this is considered a
wet weather day, which is determined if the daily peak flow is greater than 64 cubic feet per
second (cfs).  If the daily peak flow does not reach 64 cfs, it is considered a dry weather day,
with flow contributions only from non-storm event runoff. In the case of a fully channelized river
with no hydraulic connection to groundwater, contributions to inter-storm flow consist of urban
runoff from irrigation, permitted discharges, and other outdoor water uses.  64 cfs was chosen as
the threshold between wet and dry weather flow regimes because it is the 90th percentile daily
average flow for the channel based on historic flow values from 1987 to 2012 (LARWQCB
2013). The 90th percentile flow was chosen as the inflection point between wet and dry weather
flow regimes based on the CDF curve of historical average daily flow in Ballona Creek
(LARWQCB 2013). This threshold is specific to the Ballona Creek impaired waterway. All
other impaired water bodies have their own TMDLs and wet/dry weather flow thresholds based
on their historic flow.
Both wet and dry weather TMDL limits are concentration based. The Waste Load
Allocations (WLAs) are based on EPA’s California Toxic Rule (based on the National Toxics
Rule).  The LARWQCB derived the WLAs and chose a maximum concentration specific to each
metal pollutant not to exceed for the safety of wildlife and human contact. The dry weather target
is based on the chronic exposure level, while the wet weather target is based on the acute
exposure level. The actual TMDL limit is calculated by multiplying this specified concentration
by a flow rate specific to the wet or dry season. The end result is a pollutant load describing the
total maximum daily load (TMDL) allowable at the point of compliance in the water body (Table
2-1).





Cu 35.56 µg/L * 17 cfs (50th percentile flow) 13.7 µg/L * daily storm vol (L)
Pb 19.65 µg/L * 17 cfs (50th percentile flow) 76.75 µg/L * daily storm vol (L)
Zn 446.55 µg/L * 17 cfs (50th percentile flow) 104.77 µg/L * daily storm vol (L)
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The dry weather TMDL is calculated using the median (50th percentile) average daily flow
for all seasons, determined to be 17 cfs in Ballona Creek. This results in a constant dry weather
TMDL limit for all days designated as dry weather days (< 64 cfs peak daily flow). The wet
weather TMDL varies from day to day and is based on the total daily flow volume for each day.
This gives a higher wet weather TMDL limit when there is more water in the channel, for
example after a storm. This also means that the TMDL limit is lowered with less water in the
channel, for example if water is diverted into a BMP and infiltrated to groundwater. Due to the
TMDL’s concentration based limits, an infiltration approach to runoff can make compliance
more difficult than a treat and release approach.
Since the establishment of the Clean Water Act, compliance has been difficult to determine
because water quality is typically sampled during a limited number of storm events, producing
extremely variable results due to inconsistent and subjective sampling schedules.  Along with
meeting TMDLs through sampling, the MS4 permit outlines an alternative approach to achieve
compliance. The approach states that if the municipality can demonstrate that they are capturing
(infiltrating or treating) runoff from the 85th percentile 24-hour storm, they will be considered
compliant with the regulations (LARWQCB 2013). This method to demonstrate compliance is
still under review by the State Water Quality Control Board. This condition is the basis for
several of the BMP scenarios we modeled to evaluate compliance with TMDLs in the Ballona
Creek watershed.
2.7 Ballona Creek Watershed Study Area
The LACWSA project encompasses all watersheds within the City of Los Angeles’
boundary, (Figure 1-1), however this initial work focuses on the Ballona Creek watershed.
Ballona Creek is one the most urbanized watersheds in the Los Angeles basin (Stein and
Tiefenthaler 2005) and it also had the most water quality data available from detailed studies that
assessed the effect of urbanization on hydrology (Ackerman, Stein, and Schiff 2005; Stein and
Tiefenthaler 2005; Liu et al. 2011).
2.7.1 Ballona Creek Geography
Ballona Creek is located in the Los Angeles basin in southern California and outflows to the
Pacific Ocean via Santa Monica Bay. The Cities of Beverly Hills, West Hollywood, portions of
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Culver City, Inglewood, Santa Monica, Los Angeles, and unincorporated areas of Los Angeles
County comprise the 123 mi² Ballona Creek watershed. The Ballona Creek and Estuary are
divided into three hydrological units (LARWQCB 1994), depicted in Figure 2-1. Ballona Creek
Reach 1 is approximately 2 miles long, channelized with vertical concrete walls, and stretches
between Cochran Avenue and National Boulevard.  Reach 2 is mainly channelized as well, with
trapezoidal walls, and stretches roughly four miles between National Boulevard and Centinela
Avenue. Near the end of this reach is an LA County discharge gage between Sawtelle Blvd and
Sepulveda Blvd upstream of tidal influences. The drainage area of the watershed upstream of the
gage is 89 mi2 (LA DPW 2014).
Figure 2-1: Reaches in the Ballona Creek Watershed.
The third hydrological unit is the Ballona Estuary that begins at Centinela Creek and ends at
the Pacific Ocean.  This portion of the channel is soft bottom, subject to tidal influx, and
stretches approximately 3.5 miles. Ballona Creek’s main tributaries are Benedict Canyon
Channel (tributary to Reach 1), Sepulveda Canyon Channel (tributary to Reach 2), and Centinela
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Creek (tributary to the Estuary).  Del Rey Lagoon and the Ballona Wetlands are also included in
this watershed. The watershed terminates where Ballona Creek meets the coastal watershed of
the Santa Monica Bay (LARWQCB 1994).
2.7.2 Ballona Creek Hydrology
The Ballona Creek Watershed is one of the most heavily urbanized in Southern California:
82% is developed and 61% of the watershed is impervious (Ackerman, Stein, and Schiff 2005).
Ballona Creek was channelized starting in 1935, and by 1950 all lower tributaries were concrete
lined (LA DPW 2004). This transition marked the shift towards significant hydrologic
modification in the watershed. Land types changed from natural to residential, agricultural, and
industrial, more areas became impervious, and flood potential increased.  Groundwater was
tapped for use and imported water was more relied on after the turn of the 20th century (Liu et al.
2011).
Ballona Creek has significant variability in season flow rates. Peak flows of 36,000 cfs have
been measured at the Sawtelle Blvd flow gauge station (Figure 2-1) during storm events;
however dry weather flow is frequently in the single digits (Ackerman, Stein, and Schiff 2005).
Ballona Creek is a naturally ephemeral stream, but after channelization and increased imported
water use (outdoor irrigation), there is usually flow year round. Recently, dry weather flows have
been constant and non-trivial due to anthropogenic inputs (Liu et al. 2011).
2.7.3 Flow Regime change and Regulatory Response
The hydrologic impact of urbanization is clearly observed in the Ballona Creek Watershed.
Though annual average precipitation inputs have not changed significantly over time, annual
average outflow rates have increased significantly. Historical average annual precipitation (P)
and runoff (Q) depths are 406 mm (16 in) and 198 mm (7.8 in) from 1932 – 2013, with a long
term average annual runoff ratio (RR) of 0.51 (RR=runoff depth/precipitation depth). For the
model simulation period in the current study, 1999 – 2008, average annual precipitation was 370
mm (14.6 in) and runoff was 302 mm (12 in) per year, with an annual average RR of 0.91 (LA
DPW 2014).  In recent years, there has been significantly more runoff than precipitation over the
watershed, due to imported water and outdoor water-use practices. Figure 2-2 shows historical
precipitation and runoff ratios in the Ballona watershed (Manago and Hogue (in prep)). The
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increasing trend in RR is clearly visible. RR values above the theoretical maximum of 1 were
also observed in the last decade.
Figure 2-2: Annual Runoff Ratio (R/P) for WY1938-2010
This increased runoff regime is reflected in recent updates to water policy in Ballona Creek.
Between 1987 and 2012, the average daily flow ranged from 1 cfs to 5230 cfs. The Ballona
Creek Metals and Toxics TMDL uses this data to determine a cutoff between dry and wet
weather flow (90th percentile average daily flow) and applies the dry weather flow rate (50th
percentile average daily flow) to the chronic toxic concentration limit to determine the allowable
daily load. The runoff characteristics have changed rapidly such that in 2013, 5 years after the
original 2008 metals and toxics TMDL document was adopted, these values were adjusted based
on new data and shifting flow patterns. The 2008 TMDL was based on data from 1987 to 1998,
when the 90th percentile average daily flow was 40 cfs. With 14 years additional data, 1987 –
2012, the 90th percentile value was increased to 64 cfs. The 50th percentile average daily flow




This chapter outlines the SUSTAIN model setup for the Ballona Creek watershed. The
investigations performed in this research were based on the SUSTAIN model calibrated and
validated by Beck (Beck 2014). Physically represented BMPs were incorporated into the
SUSTAIN model after it was calibrated for hydrology and water quality. Once mastery of the
existing model was achieved, improvements were made and novel scenarios were investigated.
3.1 Ballona Creek Hydrology and Water Quality Calibration
To calibrate and validate the model, the Ballona Creek watershed was separated into 8 sub-
basins (between 2,000 and 16,000 acres each) above the flow gauge at Sawtelle Blvd (Figure 3-
1) (Beck 2014). This allowed good representation of the heterogeneity of the watershed’s land
uses, land cover, soil characteristics, and precipitation patterns.
Figure 3-1: Ballona Creek Watershed sub-basin delineations for model simulation
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Runoff could only be calibrated and validated above the gauge where flow and quality data
had been measured. These sub-watersheds have been used by the City and County and other
studies and are consistent with topography and storm drain networks. In general, they represent
major storm drain or stream junctions within Ballona Creek.  The sub-basin downstream of the
gauge (24,000 acres) was added to the model setup after calibration and validation in order to
assess the compliance of BMP scenarios for the entire watershed.
Water quantity and quality were calibrated and validated based on historical flow gauge data
and water quality sample data that had been collected as part of the LA County Department of
Public Works’ Stormwater Quality Monitoring program (LA DPW 2014) and the Southern
California Coastal Water Research Project (SCCWRP) (Liu et al. 2011) in the Ballona Creek
watershed. Mass emission station data collected by the County from various land-use types
provided Event Mean Concentration (EMC) pollutant data for water quality validation in
SUSTAIN.
Water quantity was calibrated and validated using water years (WYs) 2004-2008 and WYs
1999-2003, respectively. The calibration process focused on matching individual storm volumes
and annual flow volumes because the EMC method used for water quality is directly related to
runoff volume. Peak timing was not the main focus of the calibration process because it does not
impact the pollutant loads associated with individual storms or annual loads. Furthermore, the
secondary flood control benefits provided by the BMPs were reported on a relative, rather than a
discrete, basis.  Detailed calibration and validation results were reported by Beck (2014).
BMP performance, or pollutant removal efficiency, was calibrated in the model by
comparing influent and effluent concentrations with BMP data reported in the IBMPD (BMP
Database 2014).  A 1st order decay pollutant removal factor was calibrated for each pollutant
individually based on the corresponding influent and effluent data. This calibration can be
improved with more field data, though effluent pollutant concentrations are hard to measure so
useful data is sparse. Future work will involve updating this calibration with more recent BMP
data from Southern California and other semi-arid regions.
3.1.1 BMPs implemented in SUSTAIN
Five types of BMPs were assessed in SUSTAIN with regards to their ability to improve
water quality, decrease peak storm flows, and infiltrate water for groundwater recharge.  The five
32
types include infiltration basins/trenches and dry ponds (regional BMPs) and vegetated swales,
bioretention basins, and porous pavement (distributed BMPs). Each BMP type was assumed to
have a specific treatment volume determined by the physical dimensions specified in the model
(Table 3-1), and all BMPs of one type were assumed to have the same dimensions. These five
types and their average dimensions were chosen as a representative population of the most
common BMP systems by reviewing multiple sources of BMP construction projects: Standard
Urban Stormwater Mitigation Plans (SUSMP) (LA DPW 2002), IBMPD (BMP Database 2014),
Proposition O and other City project reports.
Table 3-1: Regional and Distributed BMP Types applied in the Ballona Creek model
BMP Type L (ft) W (ft) D (ft)
Treatment
Capacity (ft3)
Infiltration Trench Regional 90 45 5 20,250
Dry Pond Regional 45 15 5 3400
Vegetated Swale Distributed 250 10 0.5 1250
BioRetention Basin Distributed 46 23 1.5 1600
Porous Pavement Distributed 62 30 1 1860
Each BMP type utilizes slightly different pollutant and flow attenuation unit processes. In
this study, infiltration trenches represent larger regional trenches that are 45 ft wide by 90 ft long,
like features that could be implemented next to larger transportation corridors or divert overflow
drainage from storm sewers. They are meant to represent small spreading basins (about a half
acre-foot of storage) but can also represent multiple smaller trenches as one.  These regional
infiltrating BMPs are on top of soils with high hydraulic conductivity and are modeled to remove
about 70% of water annually on average through infiltration and percolation into the subsurface.
SUSTAIN was not setup to track this infiltrated water into the subsurface and calculate how
much is available for recharge to groundwater aquifers. Any estimation of potential groundwater
recharge from this model setup is simply what is available in the near-surface soils that was
directly infiltrated by the BMPs.
Dry ponds are also regional BMPs due to their large size, and are depicted in the model to
infiltrate about 40% of the inflowing water on an average annual basis. Dry pond basins are lined
with a low-permeability layer and achieve a “treat and release” process that allows pollutants to
settle out over a pre-set hydraulic retention time before releasing the water back to the channel.
33
Dry ponds take more advantage of sedimentation to settle out pollutants while infiltration
trenches mainly remove pollutants by infiltration, not settling.  Both regional types limit open-
water evaporation due to their depth (Shoemaker et al. 2009).
Low Impact Development BMPs including vegetated swales, porous pavement, and
bioretention basins were utilized in the modeling effort and are referred to as distributed BMPs
in this study. Distributed BMPs typically have smaller treatment capacity and therefore are more
feasible to implement on private property or along transportation corridors than larger basin-type
BMPs. Their small treatment area enables them to be applied almost anywhere. LID BMPs
attempt to capture stormwater runoff very close to its point of origin and restore the natural
ecosystem and hydrologic regime to the region.
Vegetated swales are mainly a flow-through BMP type (little retention time) and are
relatively shallow (0.5 ft). Porous pavement is modeled with a unit depth of 1 ft, but no operation
and maintenance is taken into account in its performance capability over time. Bioretention
basins are modeled with a layer of biologically active media that assists in removal of pollutants
and an underdrain with additional settling capacity. All of these shallow, small, local BMPs
increase infiltration, percolation, and evapotranspiration considerably, such that they evaporate
6–18% and infiltrate 50–74% of inflowing water (values simulated in the model after BMP
calibration). These LID BMPs use filtration and biological uptake to reduce pollutant and
sediment loads in stormwater runoff (Zhen et al. 2006).  Utilizing LID practices recreates the
natural, pre-urban hydrology, which has multiple benefits including increased wildlife habitat,
reduced stormwater peak flows and volumes downstream, and enhanced natural groundwater
recharge.
3.2 Investigation of BMPs in SUSTAIN
BMPs were implemented in the SUSTAIN model to improve stormwater quality to mitigate
the effects of polluted urban runoff in impaired water bodies. This section describes the setup of
BMP scenarios for TMDL compliance and ancillary benefits.  Factors influencing BMP model
representation including cost and existing project dimensions were investigated. Scenarios that
placed different BMPs into the watershed to capture runoff from various configurations of land-
uses were determined and tested.
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3.2.1 Existing BMP Projects
Improvements were made to the representation of the BMP types in the original model
configuration by Beck (2014). In particular, individual BMP construction costs and dimensions
(length, width, depth, and resulting treatment volume) were updated based on a thorough survey
of sources from existing projects in southern California. A complete list of these sources is
included along with the construction costs and dimensions in the BMP Project Database in
Appendix A.
The effectiveness of the modeled BMP scenarios cannot be fully assessed without estimation
of the associated cost, which was provided to the City as an aid to decide which stormwater
control measures to implement.  BMP construction costs per unit volume of water treated for
each BMP type were estimated from a survey of existing stormwater management projects
(Appendix A). Unit cost values were adjusted to 2014 dollars using the Bureau of Labor
Statistics Inflation Calculation Method (Bureau of Labor Statistics 2014). The unit costs were
applied to each BMP implementation scenario to generate a total construction cost per scenario
(section 4.2). BMP resources with adequate cost information included project bids from the City,
County, consulting firms, transportation projects, and CA Stormwater Quality Association
(CASQA) BMP handbooks (CASQA 2003).  Ranges of existing project dimensions of length,
width, depth, and resulting treatment volume are also cataloged in the BMP Project Database
(Appendix A).
3.2.2 SUSTAIN Sensitivity to BMP parameters
In this modeling effort, the amount of water infiltrated by BMPs is an important performance
metric for comparison to other regional studies.  Also, accurately representing the BMPs as they
perform in the real world was an important goal to achieve for modeling at the watershed scale.
Therefore, a sensitivity analysis was conducted by varying the BMP dimensions of length (L),
width (W), and depth (D) to test the amount of pollutant removed and amount of water infiltrated
in each model scenario. The goal was to test the sensitivity of the model results within the
realistic range of sizes probable for actual BMP projects.
Lee et al performed a cursory sensitivity of a few main BMP and drainage parameters in their
case study using bioretention and porous pavement BMPs (J. G. Lee et al. 2012). They tested
changes in BMP surface treatment area (length and width of the BMPs), vertical storage of the
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BMPs (depth), BMP pollutant removal efficiency, and drainage area treated by BMPs.  Results
were compared by the performance metrics of annual flow volume reduction (%) and annual
TSS load reduction (%). They found that increasing the drainage area to BMPs had the largest
effect on flow volume and TSS load reduction. Increasing the BMP surface area had the next
largest effect on volume reduction, while increasing the depth did not largely change the volume
reduction. For TSS load reduction, only increasing the drainage area had a significant effect on
load reduction. Even increasing the TSS removal performance did not significantly impact TSS
removal performance compared to drainage area treated (J. G. Lee et al. 2012).
For the sensitivity analysis in the current study, the test values for each dimension (Appendix
B) were based off of ranges of dimensions from actual projects. This was to test the sensitivity of
flow and pollutant model results at the limits of the realistic range of BMP sizes to validate the
physical BMP model representation. The dimensions cataloged in the database of existing BMP
Projects (Appendix A) were used to generate statistics for the total treatment volume of each
BMP type, and the L, W, and D dimensions that corresponded to that treatment volume were
implemented in the model test simulation. This was done to maintain realistic length to width
and depth ratios and to eliminate the dependency of the L, W, and D variables. For example,
when the maximum of each dimension was determined separately, the test had an unrealistic
trench size that was 1000 ft long, 290 ft wide, and 13 ft deep. (The actual dimensions for the
1000 ft-length trench were 4 ft wide by 3 ft deep.) Dimension variables were also tested by a
One-Factor-at-a-Time Analysis (Appendix B), especially for BMP types with smaller sample
sizes.
The sensitivity testing was performed in the sub-basin downstream of the flow gauge. This is
the largest sub-basin in the full watershed, and it is abbreviated “DS sub-basin” for Down Stream
of the gauge.  Because each test had different dimensions, the total treatment volume in each test
varied by a significant amount (see Appendix B). To standardize each test, the number of BMPs
were adjusted so each test simulated a standard treatment volume of 661 acre-feet, which is the
runoff volume generated by a ¾” rain event over the DS sub-basin.  After each test, infiltration
and evapotranspiration were quantified to get a better idea of what happened at the BMP. This
was done by changing the assessment point of the model to the BMP node instead of the outlet
node.
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Future work includes sensitivity testing soil parameters to further improve BMP calibration.
Infiltration rates, initial soil moisture, and soil suction are some of the parameters able to be
calibrated in the model. Their sensitivity may highly influence the performance of the BMP
scenarios, but a sensitivity test on the varied soil parameters was outside the scope of this thesis
project.
3.3 BMP Scenarios
Urban stormwater runoff management with BMPs was tested by implementing varied suites
of BMPs to capture and treat runoff from different land-use types and drainage areas. Historical
hourly precipitation from WY 2004-2008 was used to drive the model simulation for the BMP
scenarios. Scenarios were developed in conjunction with the LACWSA project team and
stakeholders. They were designed based on permit requirements and recommendations of ways
for the City of Los Angeles to meet compliance with TMDLs. The scenarios were compared by
average annual pollutant load reduction for each metal, days in compliance with wet and dry
weather TMDLs for each metal, storm peak flow reduction, potential groundwater recharge
volumes, and cost.
The five BMP types were integrated into the SUSTAIN model using an aggregate BMP
approach. This means that percentages of runoff from each land-use type can be aggregated
together to flow to a desired BMP type, and multiple BMPs can be aggregated together in each
sub-basin. This simplifies the set-up of the routing network for different scenarios.  This is
different from the typical discrete BMP modeling framework in which each BMP is placed at a
discrete location and runoff from a specific drainage area is treated and routed to the downstream
channel or water body. The aggregate BMP approach is more efficient for modeling at the
watershed scale because a large number of BMPs are needed to affect water quality at this scale
and it would be too time intensive to model each BMP individually.
One “aggregate BMP” represents multiple BMPs of each type that have the same dimensions
and pollutant removal decay rates. The number of each type of BMP can be optimized (scenario
1, Table 3-2) or specified exactly to capture a pre-determined amount of runoff (scenarios 2-4,
Table 3-2). Within each sub-basin, portions of runoff from each land use type are routed to each
BMP type in the aggregate BMP, and then to the outlet. Other portions of runoff can be set to
bypass all BMPs (no treatment) and are routed directly to the outlet (Shoemaker et al. 2009).
37
3.3.1 NSGA-II Optimization Scenario
Scenario 1 used the built-in optimization algorithm, Non-dominant Scattering Genetic
Algorithm, and Version II, (NSGA-II) to optimize the number of BMPs needed to meet a
specified pollutant removal target at the lowest cost. The user-specified optimization target was
50-60% reduction in annual average pollutant load for each metal, Cu, Zn and Pb (in pounds per
year). In this case, all land-uses contributed some percentage of runoff to BMPs so that runoff
from 90% of the full watershed area was treated.
The NSGA-II optimization algorithm produces many solutions of various combinations of
BMPs and the associated cost and pollutant removal efficiency are plotted for each solution. The
best solutions are located where cost is minimized and load reduction is maximized. Any
solution in this region will achieve similar pollutant reduction for a similar cost. The top 100
solutions out of 2000 were considered the best solutions. The number of BMPs were averaged
from those 100 solutions to determine the optimal BMP solution. A single iteration was run that
routed stormwater runoff through that optimal suite of BMPs.  The resulting flow and pollutant
time-series determined the performance metrics used for comparison with other scenarios.
Several optimization simulations were performed using various criteria and constraints to
arrive at the optimal solution applied in this scenario (Beck 2014). In the gauged portion of the
watershed (drainage area upstream of the flow gauge), Beck optimized the number of BMPs for
cost and pollutant removal for scenarios that routed runoff from 30%, 67%, and 90% of the
watershed area through BMPs. He also tested annual average Cu reduction targets of 40%, 50%,
and 60% in each of those routing cases. The optimization results were compared by the total
BMP treatment volume and the resulting cost and pollutant removal. The conclusion from his
modeling effort was that pollutant removal was insignificant unless the BMPs intercepted and
treated runoff from at least 90% of the watershed area.
Beck’s optimization results for the gauged portion of the watershed can be found in his
Master’s thesis report (Beck 2014). The current research extrapolated the optimization analysis
to the full watershed and improved the procedures for applying the optimization algorithms in
the model. The method that SUSTAIN used to select the top 180 best solutions from the pareto
curve of all 2000 solutions was found to be flawed, and the model source code was un-attainable.
A stand-alone code was developed in Matlab to choose the top 100 best solutions out of the total
of 2000 generated by the NSGA-II algorithm. BMP costs outlined in section 3.2.1 were updated
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in the full watershed optimization analysis.  Additionally, rain barrels and cisterns were removed
from Beck’s model BMP configuration (Beck 2014).
After re-evaluating several of the optimization scenarios done by Beck with these
adjustments and improvements, the optimized scenario that provided the best pollutant removal
targeted 50-60% pollutant removal and routed runoff from 90% of the watershed area through all
5 BMP types. This became Scenario 1 in this study (Table 3-2).
3.3.2 Design Storm BMP Scenarios
Scenarios 2 through 5 were designed based on capture of the historical 85th percentile-24
hour design storm event from the MS4 permit, which is approximated by the ¾” precipitation
event for the LA basin. This was determined from the condition in the TMDL regulations that
stated if sufficient BMPs are implemented to treat the runoff from the 85th percentile storm, the
impaired waterway will be compliant with the MS4 permit and TMDLs (LARWQCB 2013).
These design storm scenarios were designed to test the validity of that condition from a
theoretical standpoint. The number of BMPs implemented in each scenario was determined by
the runoff that is generated during a ¾” precipitation storm event over the specified land-use
categories in each scenario (Table 3-3).  The land-use categories and BMP types vary between
each scenario. The current condition in the watershed with no BMPs was considered the baseline
condition and was compared to the resulting pollutant load at the outlet after BMP
implementation in each scenario.  A shorthand notation used to refer to the five original
scenarios throughout the study is shown in Table 3-2.
Scenario 2) routes runoff from all urban land cover (85% of the total watershed area) to
infiltration trenches, regional BMPs in which infiltration into the subsurface dominates.
Scenario 3) routes runoff from all urban land cover to dry ponds, also regional BMPs which
capture, treat, and then release the majority of water in the treatment volume (“treat and release”
BMP type).
Scenarios 4 and 5 implement three distributed LID BMP types to capture runoff (vegetated
swales, bioretention basins, and porous pavement, Table 3-1). Similar to scenarios two and three,
the number of BMPs in scenarios four and five is determined by the volume of ¾” storm runoff
over the specified land-use categories (Table 3-3).
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Scenario 4) implements LID BMPs to capture runoff from private land-use categories
including single family residential, multi-family residential, commercial, and industrial (~77% of
the total watershed area) (Table 3-3).
Scenario 5) implements LID BMPs to capture runoff from the public right-of-way land-use
categories of education, parks and recreation, transportation, vacant, and agriculture. These land
cover types comprise 23% of the total watershed area (these comprise all remaining land-use
categories not analyzed in Scenario 4) (Table 3-3).
Table 3-2: The five BMP implementation scenarios investigated for TMDL compliance with
abbreviated notation (shown in later tables)
Full Scenario Description Abbreviated Notation
1)
NSGA-II Optimization for cost and Cu Removal
using all 5 BMP types
(1) BMP Optimization
2)
¾” Precipitation Storm Capture of Runoff from Urban Land-




¾” Precipitation Storm Capture of Runoff from Urban Land-
uses using Regional Treat and Release BMPs (Dry Ponds)
(3) Urban Runoff Treat
and Release
4)
¾” Precipitation Storm Capture of Runoff from Private




¾” Precipitation Storm Capture of Runoff from Public Right
of Ways (ROW) using all distributed BMP types
(5) Public ROW Runoff
to LID
Table 3-3: Explanation of the land-use types that contribute runoff to BMPs in each scenario
Scenario Land-uses contributing Runoff toBMPs
Runoff from % of
Watershed Area
to BMPs
(1) BMP Optimization All 90 %
(2) Urban Runoff
Infiltrated




(3) Urban Runoff Treat
and Release






SFR, MFR, COMM, IND 77 %
(5) Public ROW Runoff
to LID
EDU, PARKS, TRANS, VAC, AG 23 %
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SFR Single Family Residential 30260









Total Ballona Watershed Area 80,800 acres
Each scenario implemented a set suite of BMPs in the model. The model simulated the runoff
time-series which was then routed to the BMPs.
Table 3-5 shows the various types and total number of BMPs implemented in each scenario.
The total footprint area and total volume of water treated by all BMPs in each scenario was
calculated. Treatment volume was a normalizing metric used to directly compare scenarios,
while the treatment area and total number of BMPs shows the variability in area needed to
implement distributed vs. regional BMP types. Distributed types are much smaller and
shallower, hence the area and number needed is much greater than that needed for the regional
types. For example, scenario 4 has lower total treatment volume than scenarios 2 and 3, but
much larger treatment area. Scenario 1 needs greater area and number of BMPs than scenarios 2
and 3 because scenario 1 includes both distributed and regional BMPs. These metrics are useful
to compare treatment capacity between scenarios as well as assess area available to implement
each scenario in the actual watershed.
Table 3-4 describes relevant land-use category abbreviations used in Table 3-3 and also
shows the total area of each category in the watershed.  General comparisons can be made
between the available land and the amount of land needed to implement each BMP scenario.
The implementation of distributed BMP types on private property in scenario 4 requires 2,770
acres. SFR, MFR, and COMM all have more than enough area on which these BMPs could be
implemented (Table 3-4). Regional BMP scenarios 2 and 3 require 500 acres, and would likely
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only be implemented on vacant or open space that is not protected area, or in existing parks. The
vacant and parks categories include protected and non-protected land for a total of 13,200 acres,
and the protected area within that is 11,300 acres. This leaves roughly 2,000 non-protected acres
to potentially implement large regional BMPs. This may be sufficient area, but logistically this
land is not ideal because it is largely at the top of the watershed. The most polluted stormwater
runoff needs to be captured and treated near the bottom of the watershed below the drainage
areas of intense urban development. For this reason, it will be difficult to fully achieve
compliance by implementing regional BMPs alone. A combination approach that emphasizes
distributed BMPs is most practical to achieve water quality compliance.


































85 % Inf Trench 20,250 5,400 2510 500
3) Urban Runoff
Treat and Release






1250-1860 64,570 2270 2770*
5) Public Right Of




1250-1860 7,280 255 312*
* The footprint area is larger than the treatment volume because the median depth of distributed
BMPs is less than 1 ft.
3.4 Climate Change Assessment
After the BMP scenarios above were analyzed with historical data from WY 2004-2008,
more analysis was desired to assess the capability of BMPs to mitigate changes in flow and
pollutant loading due to future disturbances such as anthropogenic climate change. The
following scenarios applied climate change-adjusted meteorological data derived from studies by
the International Panel on Climate Change (IPCC) to BMP scenarios 2, 3 and 4 from section 3.3.
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3.4.1 SWMM-CAT
The first climate scenarios tested in the model were generated by the Stormwater
Management Model Climate Adjustment Tool (SWMM-CAT) (Rossman 2014). SWMM-CAT is
a stand-alone extension of SWMM that contains easy-to-access average monthly adjustment
factors for temperature, precipitation, and evapotranspiration data for a specified location in the
United States at 0.5 degrees (30 mile) latitude and longitude grid locations (Rossman 2014).  The
SWMM-CAT adjustments came from the EPA’s Climate Resilience Evaluation and Analysis
Tool version 2.0 (CREAT 2.0) (US EPA 2012), which used statistically downscaled Global
Climate Model (GCM) projections from the World Climate Research Programme (WCRP)
Coupled Model Intercomparison Project phase 3 (CMIP3).  CMIP3 data was statistically
downscaled by the Bias Correction and Spatial Disaggregation (BCSD) method (Wood et al.
2004).
CREAT selected nine GCM model results from the CMIP3 dataset that represented “middle
of the road” economic growth projections, characterized by fast economic and population
growth, wide-spread adoption of novel technologies and a moderate carbon emissions scenario,
achieved through a balance of renewable and fossil-fuel energy sources (Intergovernmental
Panel on Climate Change (IPCC) 2007).  Each of the 9 models projected monthly temperature
and precipitation changes for the 21st century. To capture the range of the GCM results, these
changes were generalized into three scenarios by CREAT: warm/wet, median, and hot/dry. The
warm and wet scenario described the model nearest the 5th percentile annual temperature change
and 95th percentile annual precipitation change out of the distribution of the nine model
projections of interest. The hot and dry scenario described the model nearest the 95th percentile
annual temperature change and 5th percentile annual precipitation change. The median scenario
described the median model change for both temperature and precipitation. Due to the GCM
projections chosen, the warm/wet scenario did not always have more precipitation than the
historical baseline, it is just wetter relative to the other 8 future projections (Table 3-6). CREAT
also split the projections into two future time periods, 2020-2049 (near-term) and 2045-2074
(long-term).
To determine the adjustment factors, average monthly values from the future scenario
projections were compared to average monthly historical temperature and precipitation data from
PRISM (Parameter-elevation Relationships on Independent Slopes Model) at each grid location
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(Daly et al. 2008; Rossman 2014). The future scenario evapotranspiration (ET) was determined
by evaluating the Penman-Monteith equation with the climate-adjusted temperature values as
inputs. These new ET values were compared with the historical values to determine the monthly
adjustment factor (Rossman 2014).
Table 3-6: SWMM-CAT monthly climate change adjustment factors for temperature (absolute
°F change), evapotranspiration (absolute inch/day change), and precipitation (percent of
original). Decreased values are shown in red.
SWMM-CAT contains a database of the resulting average monthly adjustment factors of
percent changes in monthly precipitation, and absolute changes in monthly temperature and
evapotranspiration, with spatial resolution of 30 miles by 30 miles. These adjustment factors
were applied to the precipitation and ET forcing data in SUSTAIN. Historical observed hourly
values of precipitation and ET for WY 2004-2008 in the Ballona Creek watershed were adjusted
using the monthly adjustment factors at the same grid location for the hot/dry and warm/wet
near-term (2020-2049) and long-term (2045-2074) scenarios (abbreviated HDNT, HDLT,
WWNT, and WWLT respectively) (Table 3-6).  Decreases in any values are shown in red. The
warm/wet scenario shows increased precipitation in the typical storm months and decreased
Hot/Dry – Near Term (HDNT): 2020-2049
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Temp (+°F) 2.214 1.764 1.620 2.124 2.664 2.412 2.682 3.564 3.258 3.276 2.178 2.214
ET (+in/day) 0.012 0.005 0.007 0.015 0.018 0.016 0.014 0.014 0.012 0.012 0.009 0.008
Precip (%) 90.0 95.3 93.1 84.9 67.8 76.7 80.7 68.2 85.3 86.9 87.4 85.3
Hot/Dry – Long Term (HDLT): 2045-2074
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Temp (+°F) 4.05 3.24 2.97 3.87 4.878 4.41 4.914 6.534 5.958 5.994 3.978 4.068
ET (+in/day) 0.016 0.009 0.011 0.021 0.025 0.024 0.022 0.024 0.02 0.019 0.013 0.011
Precip (%) 81.7 91.4 87.3 72.4 41.1 57.4 64.7 41.8 73.1 76.1 77.0 73.2
Warm/Wet – Near Term (WWNT): 2020-2049
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Temp (+°F) 1.548 1.656 1.422 1.206 1.458 1.512 1.602 1.602 1.890 1.782 1.674 1.440
ET (+in/day) 0.011 0.005 0.006 0.012 0.013 0.013 0.010 0.007 0.007 0.008 0.008 0.006
Precip (%) 107.2 108.9 109.9 90.9 94.3 95.8 173.8 128.8 102.3 104.0 94.9 88.3
Warm/Wet – Long Term (WWLT): 2045-2074
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Temp (+°F) 2.844 3.024 2.592 2.196 2.664 2.772 2.934 2.934 3.456 3.276 3.06 2.646
ET (+in/day) 0.014 0.009 0.01 0.016 0.018 0.018 0.015 0.012 0.012 0.012 0.011 0.008
Precip (%) 113.2 116.2 118.1 83.4 89.6 92.2 235.0 152.8 104.1 107.4 90.7 78.6
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precipitation for some of the typical dry months. It estimates higher precipitation in July and
August which are typically dry months in southern California, illustrating a potential flaw in the
SWMM-CAT projections. However, the months of July and August during the historical 5 year
time-period had zero inches of precipitation, so this does not affect this analysis very much. The
original historical monthly precipitation values for WY 2004-2008 are shown with the climate
scenario adjustments incorporated in Figure 3-2.  The total annual percent change in precipitation
from the historical data is shown in Table 3-7, sorted by total average annual precipitation depth.
This order from least precipitation to greatest was used to present the results in section 4.3.
Figure 3-2: Monthly average precipitation from WY 2004-08 shown with monthly climate
scenario adjustments for Hot/Dry, Warm/Wet, Near, and Long term scenarios implemented in
the SUSTAIN model
Table 3-7: SWMM-CAT Climate change scenarios in order of increasing annual average











































In this chapter, the results of the background investigations and modeled BMP scenarios are
described. The background BMP cost survey and BMP dimension sensitivity investigations were
used to inform the model input parameters and design of the BMP scenarios. The SUSTAIN
model optimization was pivotal in setting the constraints for further compliance scenarios. The
final scenarios that were based on the 24-hour, 85th percentile design storm enabled a thorough
exploration of the stormwater treatment characteristics of specific BMP types. Finally, climate
scenarios were assessed using these specialized BMP scenarios to give insight into their future
resiliency.
4.1 Investigation of BMPs in SUSTAIN
The range of unit costs compiled for each BMP type are shown in Table 4-1. For each BMP
type, different numbers of projects provided data, shown by the N value. Statistics describing the
variability of those varied project costs were determined using 1st, 2nd (median), and 3rd quartiles
for each type. These cost statistics were applied to each scenario to determine overall BMP
construction cost estimate ranges, shown in Figure 4-2. The results of the cost survey show that
regional projects such as large infiltration trenches and dry ponds have lower cost per volume of
water treated compared to the distributed BMPs due to their economy of scale.
Table 4-1: BMP Construction Costs per unit treatment volume of water








Infiltration Trench 14 $ 3.33 $ 6.03 $ 16.63 $/cf
Dry Pond 5 $ 4.40 $ 5.88 $ 15.71 $/cf
Vegetated Swale 4 $ 5.37 $ 10.07 $ 18.53 $/cf
BioRetention Basin 5 $ 12.30 $ 14.60 $ 16.24 $/cf
Porous Pavement 8 $ 10.57 $ 15.69 $ 16.17 $/sf
Many sources were found with BMP costs reported in various formats and units. However,
many of the BMP project costs were considered incomplete for this study because not enough
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information about the complete construction costs and the volume of water treated in the final
BMP system were reported.  Although unit process costs were available in many sources (for
example, cost per volume to excavate soil material), not enough information about the completed
BMP system was available to use these line item costs to determine a cost per volume of water
treated.  This resulted in small sample sizes (low N, Table 4-1) used to determine the final cost
values. Our sample sizes were low also because we focused on projects mainly in Southern
California, and ample data in the format needed was not readily available. Expanding the survey
area to encompass BMPs in all semi-arid regions in the United States could improve the sample
size, though this is outside the scope of this study. Also, in SUSTAIN, line item costs can be
entered for activities that contribute to construction, planning, or O&M.  This can be a valuable
tool for modeling smaller scale projects in SUSTAIN, but was not feasible at the watershed scale
in this analysis.
These small sample sizes resulted in conservative cost estimates that were applied in the
model scenarios (Figure 4-2). The focus of the BMP project survey was to collect only
construction cost estimates relative to the overall BMP treatment volume, though in many
sources, construction-only costs were difficult to isolate. The estimated cost ranges in Figure 4-2
are most likely higher than reality for construction costs of BMP projects, though these estimates
are valuable to be able to compare all BMP scenarios relatively.
The approximated dimensions originally used in the model by Beck (2014) were outlined by
the Los Angeles County Department of Public Works (LADPW) in the Standard Urban
Stormwater Mitigation Plan (SUSMP) manual (LA DPW 2002).  These dimensions were within
the range of BMP dimensions found through the survey of project resources (Appendix A, Table
A.2). These dimensions were verified and updated if necessary. It will be necessary to
constantly investigate new BMP construction project documents to update the realistic range of
BMP sizes and costs represented in the model.
4.1.1 Sensitivity Analysis Results
The sensitivity analysis revealed some beneficial characteristics about how the model
simulated different dimensions within each BMP type.  Infiltration and pollutant removal was
maximized when BMP depth was minimized. ET was as high as 18% in the very shallow
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distributed LID BMP types. Thus, infiltration and evaporation were more sensitive to BMP depth
in the model than surface area.
This sensitivity analysis also showed how water was infiltrated in each BMP type. Regional
infiltration trenches/basins infiltrated 75-85% of the inflow volume, while regional dry ponds
only infiltrated around 40% of the inflow. The analysis explained how SUSTAIN modeled the
function of the underdrain feature in the bioretention BMP. In the current setup, water infiltrated
through the bioretention media and 85% of that infiltrate continued to seep into the ground soil
layer below the BMP. The remaining 15% was caught in the underdrain and flowed out. This
explained how much water was partitioned to underdrain capture and release as opposed to
subsurface infiltration.
Since the BMP surface area was not as sensitive as depth for volume of water infiltrated in
each case, and varying the number of BMPs in a scenario effectively changed the effective BMP
surface area, less emphasis was placed on selecting the perfect length and width dimensions in
the current research scenario configurations.  A median depth value that aligned with the
SUSMP recommendations was used for each BMP type (Table 3-1).   Assessing the amount of
infiltration and ET achieved by each BMP type also provided insight into the behavior of each
BMP at different flow regimes. This helped explain how each BMP scenario achieved more or
less compliance with TMDLs.
The full results of the sensitivity testing are reported in Appendix B, Table B.2. Further
analysis on the model’s sensitivity to BMP parameters beyond dimension, such as soil
characteristics and pollutant removal processes, would be extremely beneficial to improve the
flow reduction and pollutant removal calibration, as well as introduce new BMP types into
SUSTAIN. This was outside the scope of the current research but is recommended for future use
of the SUSTAIN model for more specialized BMP studies.
4.2 BMP Scenarios
The results of simulating each BMP scenario (1 – 5) from section 3.3, Table 3-2 were
provided. The results for scenario 1: copper removal optimization using all BMP types, were
presented individually in section 4.2.1 because the methodology to reach the best suite of BMPs
was different from the other scenarios. Once the best result from the optimization analysis was
determined, all scenarios were compared with the same metrics to determine the most effective
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BMP implementation strategy. The 5 original scenarios were compared by average annual
pollutant load reduction for each metal, cost, days in compliance with wet and dry weather
TMDLs for each metal, storm peak flow reduction, and potential groundwater recharge volumes.
These metrics were reported in Sections 4.2.2 through 4.2.4.  The following section 4.3
compared the climate change scenario results to the baseline and BMP scenarios in this section.
4.2.1 Optimization Results
All three metals were optimized separately in Scenario 1. When the same pollutant load
reduction target range was applied, the best solutions for treating each metal were very similar in
load reduction achieved, cost, treatment volume, and number of BMPs needed. However, copper
and zinc both had more strict water quality targets compared to lead, and copper showed the
most TMDL exceedances in the baseline scenario with no BMPs (Table 4-2). Therefore, copper
was chosen as the representative metal for all scenarios.
The results of the copper optimization that targeted 50%-60% annual average copper load
reduction are shown in Figure 4-1. The blue open circles are all 2000 solutions generated by the
NSGA-II algorithm in SUSTAIN. A stand-alone Matlab script was derived to automatically
Figure 4-1: Optimization Cost-Benefit curve solutions for 50%-60% annual average Cu load
removal target in the full Ballona Creek watershed.
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determine the best 100 solutions outside of SUSTAIN, shown in green circles in Figure 4-1. The
lowest cost solutions within each 1% load reduction range were chosen to be the best solutions.
The number of BMPs in the top 100 solutions (green circles, Figure 4-1) were averaged to
determine the number of units of each BMP type that comprise the ultimate solution for scenario
1.  These BMPs were reinserted back into the model, and a simulation was run that routes
stormwater runoff through those BMPs. The resulting hydrograph and pollutograph have reduced
flow and pollutant load, indicative of the amount of water and pollutant removed by the BMPs.
These flow and pollutant time-series’ determined the performance metrics to compare scenario 1
to scenarios 2 – 4.
4.2.2 Cu Load Reduction and Cost Comparison for all BMP Scenarios
The unit costs from Table 4-1 were applied to each BMP implementation scenario to
generate a total construction cost per scenario. Figure 4-2 shows the median, lower, and upper
quartiles from Table 4-1 as applied to each scenario – the circle represents the median scenario
cost and the bars show the lower and upper quartiles (25% and 75%). The scenario costs have
been plotted versus their corresponding average annual Cu load reduction.
Figure 4-2: Percent Cu Reduction vs. Construction Costs per BMP implementation scenario
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Cu represents the average annual load reduction for the other metals too because they follow
the same pattern as Cu. The lowest cost approach is scenario 5. However, this solution has the
lowest percent pollutant removal for all metals (9%) because it only captures runoff from 23% of
the watershed area (Table 3-3). For these reasons, scenario 5 is removed from the following
discussions for purposes of comparison.
Costs are simplified in SUSTAIN to a value per unit volume of water treated, so the total
scenario cost is very sensitive to the individual BMPs in that scenario. For example, scenarios 2
and 3 (infiltration trenches only / dry ponds only) have potential to be less expensive because the
cost per unit volume of water treated is the lowest for those two BMP types (Table 4-1). This is
because regional projects benefit from economies of scale, costing less per volume of water
treated. However, the solutions for scenarios 2 and 3 in Figure 4-2 also have a larger cost range
because the cost data for those BMP projects varied more than the other BMP types (Table 4-1).
Scenario 1 is also sensitive to the cost per unit volume treated. The optimization algorithm
adds more regional BMPs to the optimal solution because they are less expensive.  However, the
optimization requires a minimum number of each type of BMP, so distributed BMPs are
emphasized as much as regional BMPs. This constraint reduces the overall performance (56%
Cu removed) relative to scenarios that include only regional BMPs (76% scenario 2 and 61%
scenario 3) due to the lower treatment capacity of distributed BMPs.
Scenario 4 (distributed LID BMPs) has very good Cu removal as well at 74%, almost up to
scenario 2 with infiltration trenches. This illustrates the benefit of infiltration-dominated BMP
types. Larger regional BMPs can infiltrate more water and consequently remove more pollutant
load. The infiltration trenches in the model are 5 feet deep and have a large instantaneous
capacity during a storm event. The smaller distributed BMPs (scenario 4) with average depth less
than 1 foot fill up rapidly in a storm event, but the large surface area for treatment allows the
volume of water to spread out, diffusing the storm intensity and allowing more infiltration. The
larger surface area encourages higher evapotranspiration rates and plant up-take after the storm
has passed.  However, scenario 4 has a much higher median cost, demonstrating how smaller
LID-type projects can cost more than large regional projects.
51
4.2.3 TMDL Compliance for all BMP Scenarios
Table 4-2 outlines the TMDL exceedances per year as calculated from daily model outputs
over the 2004-2008 WY model time period. Wet and dry weather TMDL exceedances (days
above the allowable limit) are shown for Cu, Pb, and Zn. Wet and dry weather TMDL
exceedances decrease from the baseline when BMPs are implemented. The amount by which
they decrease depends on the BMP type in each scenario, which will be explored further in
Figure 4-3 through Figure 4-11.
Implementing the BMP scenarios also changes the flow regime, illustrated by the different
number of wet weather days and dry weather days in each scenario (far right columns in Table
4-2). Wet weather days plus dry weather days in each scenario sum to 365. These values change
if the BMP scenario takes more water out of the system, because wet and dry days are
determined by the 64 cfs daily peak flow cutoff (section 2.3). When BMPs are implemented and
the daily flow decreases, more days are shifted from wet weather into the dry weather regime.
For example, scenario 2 has only 11 WW days per year on average compared to 106 WW days
in the baseline scenario with no BMPs.
Table 4-2: TMDL Exceedances (Exc) per year for Wet Weather (WW) and Dry Weather (DW)


































105 0 19 86 0 0 106 259
1) BMP
Optimization
10 0 1 0 0 0 29 336
2) Urban Runoff
Infiltrated
10 0 8 0 0 0 11 354
3) Urban Runoff
Treat and Release
6 0 0 0 0 0 26 339
4) Private Property
Runoff to LID
11 0 2 0 0 0 25 340
5) Public ROW
Runoff to LID
84 0 18 73 0 0 87 278
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Dry weather TMDL exceedances are generally eliminated in all scenarios that treat a
majority of the runoff (scenarios 1-4). In addition, the TMDL for Pb is high enough that the
baseline case does not have any exceedances during dry or wet weather. The only exceedances of
concern are Cu and Zn during wet weather conditions (max daily flow > 64 cfs) and Cu during
dry weather. The new regulation (SB 346) requiring Cu to be eliminated from new brake pads in
cars by 2025 (Kehoe 2009) will considerably reduce Cu in stormwater runoff, and could reduce
the TMDL exceedances to a negligible amount.  If this is the case, Zn would become the main
metal constituent in the future for compliance considerations.
Figure 4-3 through Figure 4-11 depict the wet weather Cu load and TMDL (both in pounds
of Cu) for all wet weather days sorted by daily flow volume over the 5 year model period for
each scenario. The pre-BMP case (baseline) is shown by the dark blue bars and red line, and the
post-BMP case (BMP scenario) is shown with the light blue bars and black line. The TMDL
limit shifts down in each case from the baseline to post-BMP case. This is because the TMDL is
based on the total daily flow volume, so when the BMPs take water out of the channel, the
TMDL limit is lower.
These figures illustrate how implementing different BMP types in each scenario results in
different wet weather TMDL limits due to the amount of water removed in each case. They also
show different compliance behaviors during large and small storms. This will be referred to as
the compliance behavior of each BMP type in subsequent sections.
In the BMP optimization scenario 1, the majority of TMDL exceedances occur during large
storms (Figure 4-3). This characteristic is also apparent in scenario 3 with dry ponds (Figure
4-7), demonstrating that treat and release BMPs are a significant contribution to the optimized
solution. Scenario 2 with infiltration trenches (Figure 4-5) has many exceedances across the
range of storm sizes. Scenario 3 with dry ponds demonstrates the best compliance over the range
of storm sizes, with no exceedances for most wet weather days. However, the daily load more
closely approaches the TMDL in larger storms in scenario 3.  Scenario 4 with distributed LID
BMPs (Figure 4-9) has exceedances during small and large storm days, similar to scenario 2,
which both emphasize infiltration BMPs.  In general, larger storms are less compliant in these
scenarios. Larger flow volume and loads are generated and the treatment capacity of the BMPs is
surpassed. Once the BMP treatment capacity is reached, additional pollutant removal is minimal.
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Scenarios 1, 2, and 4 (more infiltration-type BMPs) are less compliant across the range of storm
sizes compared to scenario 3 (treat and release BMPs), even though they achieve greater average
annual load reduction (Figure 4-2). This points out a main consequence of instituting a
concentration-based compliance limit to better protect aquatic life. If the BMPs in the scenario
infiltrate and recharge more water, the TMDL remains just as strict, resulting in minimal
reductions in exceedances for those scenarios. The resulting metal load in the channel is similar
at comparable storm sizes, but the smaller amount of water in the channel affects compliance. In
effect, if the same amount of Cu load is removed by infiltration as is removed by treat and re-
lease, the infiltration scenario will still be out of compliance. This maintains the CTR
requirement for protecting wildlife but disincentivizes infiltration for compliance goals.
Figure 4-11 (scenario 5) illustrates that the small area of public property retrofitted with LID
is not enough to appreciably decrease pollutant loads. This is also evident in the TMDL
exceedances of scenario 5 in Table 4-2. The exceedances in scenario 5 are not very different
from the baseline scenario. For this reason, scenario 5 is not compared on the same par with
scenarios 1-4 in the following conclusions.
Even with conservative metal Event Mean Concentrations applied to the land-uses in the
model, metals in stormwater runoff do not significantly exceed the TMDL limits. Histograms
with the number of exceedances and by what percent the TMDL is exceeded in each wet weather
day are shown for Cu and Zn in Figure 4-12 and Figure 4-13, depicted for scenario 4 as an
example to show the relative exceedances pre- and post-BMP.
A negative percent means that the metal load is in compliance with the TMDL for that wet
weather day (non-exceedance). These figures show that the Cu and Zn TMDLs are exceeded by
less than three times the TMDL limit (150% max exceedance for Cu, 110% max exceedance for
Zn). In contrast, other constituent densities in runoff such as fecal indicator bacteria can exceed
standards by multiple orders of magnitude (LA DPW 2014). This means that the current
stormwater runoff quality is close to compliance with metals standards and a small amount of
treatment will achieve compliance with water quality regulations.
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Figure 4-3: Scenario 1: BMP Optimization of costs and Cu load removal, showing Cu load and
TMDL limit (lbs Cu per day) for all wet weather days.
Figure 4-4: Scenario 1 (Figure 4-3) zoomed in to small storms.
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Figure 4-5: Scenario 2: Infiltration BMPs capturing urban runoff, showing Cu load and TMDL
limit (lbs Cu per day) for all wet weather days.
Figure 4-6: Scenario 2 (Figure 4-5) zoomed in to small storms.
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Figure 4-7: Scenario 3: Treat and Release-type BMPs (Dry Ponds) capturing urban runoff,
showing Cu load and TMDL limit (lbs Cu per day) for all wet weather days.
Figure 4-8: Scenario 3 (Figure 4-7) zoomed in to small storms.
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Figure 4-9: Scenario 4: LID Retrofit using distributed BMP types (vegetated swale, bioretention,
porous pavement) capturing runoff from private properties, showing Cu load and TMDL limit
(lbs Cu per day) for all wet weather days.
Figure 4-10: Scenario 4 (Figure 4-9) zoomed in to small storms.
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Figure 4-11: Scenario 5: LID retrofit of land in the public right of way, showing Cu load and
TMDL limit (lbs Cu per day) for all wet weather days. The area treated is very small and so the
post-BMP load and TMDL are not much different from the pre-BMP load and TMDL.
Figure 4-12: Distribution of Cu TMDL exceedances for Scenario 4: Urban runoff to private
property LID
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Figure 4-13: Distribution of Zn TMDL exceedances for Scenario 4: Urban runoff to private
property LID
4.2.4 Peak Flow Reduction and Recharge Potential for all BMP Scenarios
Peak flow reductions (Figure 4-14) and potential groundwater recharge (Figure 4-15) are
reported for each scenario. Peak flow reductions in Figure 4-14 are determined by comparing the
individual storm peaks in the modeled baseline to those in the BMP implementation scenario
model output. Potential recharge values in Figure 4-15 are taken from the water budget of inflow
minus outflow and evapotranspiration. This does not represent the portion of that water that is
ultimately recharged to groundwater supply.  More in-depth modeling is required to simulate the
surface water to groundwater interactions at the interface between the BMPs and the subsurface
in order to determine how much of that water makes it through deep percolation into
groundwater aquifers. This subsurface behavior would then need to be compared to the location
of groundwater aquifers available to accept the infiltrate, which could influence the management
decisions of BMP type and placement. This research was outside the scope of this model and
study at this time, but will be investigated for future reports.
Scenarios 2 and 4 show the greatest reductions in peak flow and greatest potential
groundwater recharge. Scenario 2 shows potential recharge of 66,000 AFY which is the highest
water volume of all the BMP scenarios. This is due to the high infiltrative and storage capacity of
the regional infiltration BMPs. This results in a peak flow reduction of 47% for large storms.
Scenario 4 achieves 55,000 AFY of potential recharge and peak flow reductions of 61% for large
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Figure 4-14: Peak Flow Reduction for each scenario. Y-axis bars show the minimum and
maximum values around the median for each BMP scenario. Small storms are separated from
large storms by the 24-hour ¾” precipitation event.
Figure 4-15: Potential Recharge for each scenario
storms. This is due to the distributed LID BMPs that infiltrate a large percentage of the runoff
and encourage high evapotranspiration due to vegetation and large surface areas.
The “treat and release” BMP systems (dry ponds) infiltrate much less water, and hence, do
not influence recharge, peak flow reduction, or metal load reduction capabilities as much as the
BMPs with more infiltration capacity. However, the wet weather TMDL is a load value based on
a concentration that was calculated with the total flow volume each day.  This means that if a
larger volume of water stays in or is returned to the channel at the compliance point, the TMDL
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will be higher and easier to meet compliance requirements. This explains why BMPs that “treat”
by retaining water allowing pollutants to settle, and “release” water back to the channel show
better water quality compliance. This is best highlighted with smaller storms in which the BMP
capacity can capture the majority of the storm volume. During larger storms, the dry pond BMP
capacity is not large enough to capture the full runoff volume, and their effective storage volume
is less because they do not infiltrate as much as the infiltration trench BMPs. This allows more
untreated water to overflow or bypass the dry pond BMPs as untreated water.
Wet weather exceedances are similar in the distributed BMP scenario (4), the infiltration
trench scenario (2), and the optimization scenario (1). Scenarios 1 and 4 feature distributed BMP
types that allow more evaporation and high infiltration which reduces the amount of water that
reaches the channel, concentrating the pollution in the remaining outflow volume. Scenario 2 is
driven by regional infiltration, reducing the flow at the outlet and concentrating pollutants as
well. This lower volume of water in the channel decreases the TMDL allowance for that day
during the storm event, and more exceedances are reported.
Higher evaporation and infiltration rates may also explain why the distributed scenario shows
the greatest peak flow reduction capability, but infiltrates less volume of water compared to the
regional infiltration trenches (scenario 2). The distributed systems infiltrate the majority of water
during the rising limb of the storm before the peak, therefore reducing the peak flow by the
greatest amount. However, these smaller BMPs are quickly filled to capacity and cannot
infiltrate any more stormwater runoff after the first flush. Regional BMPs, on the other hand, can
continue to capture and infiltrate a larger volume of water because of their large storage capacity.
4.3 SWMM-CAT Climate Change Analysis
The hot/dry, warm/wet, near term (2020-2049), and long term (2045-2074) (abbreviated HDNT,
HDLT, WWNT, WWLT respectively) SWMM-CAT climate change scenarios were analyzed in
the SUSTAIN model for the Ballona Creek watershed.  As a reminder, the differences in annual
precipitation depths for each climate scenario are shown in this section with resulting runoff
ratios calculated from modeled outflow volume over the full watershed area (Table 4-3, from
Table 3-7 in section 3.3). These climate-adjusted precipitation time series were applied to BMP
implementation scenarios 2 – 4. Results are compared by percent change in annual Cu load,
percent change in annual runoff volume, TMDL exceedances, and percent change in seasonal Cu
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concentrations. Percent change for each BMP scenario 2, 3, or 4 is always calculated from the
reference “No BMP” baseline case in each climate adjusted scenario. For the “No BMP” series,
the percent change is compared to the historical “No BMP” baseline.  This is explained in detail
for each comparison metric presented.
Table 4-3: SWMM-CAT climate change scenarios in order of increasing annual average
precipitation depth and percent change from historical precipitation values (WY 2004-08), also









HDLT 12.27 -18% 0.91
HDNT 13.51 -10% 0.88
Historical 15.02 -- 0.85
WWNT 15.48 3% 0.84
WWLT 15.85 6% 0.83
4.3.1 Changes in Annual Average Runoff Volume
First, the change in annual average runoff volume was compared between climate scenarios
and historical precipitation (Figure 4-16). This is analogous to potential groundwater recharge,
described in section 4.2.4. The reference values used to determine the percentage change values
for annual runoff volume (Figure 4-16) and annual Cu load changes (Figure 4-17) is explained
with blue arrows in Figure 4-16 (with absolute values in Table 4-4).  The arrows point from the
reference to the BMP scenario of interest. The annual average value for each BMP scenario in
each climate projection was compared with the “No BMP” annual average value in that climate
projection (vertical down arrows) to determine the percent change.  The annual average value for
each climate scenario in the “No BMP” series is compared to the historical “No BMP” annual
average value as a baseline (horizontal right arrow). For example, the “No BMP” WWLT runoff
volume increased from the historical “No BMP” volume by 3%, which is more than the WWNT
climate projection that was only +2% from historical.
BMP scenario 3 reduces the runoff volume the least, around 41-48% reduction for all climate
projections (Table 4-4, Figure 4-16). BMP scenario 4 removes more than scenario 3 with 64-
71% volume reduction. BMP scenario 2 reduces the runoff volume most significantly, by 76-
84% across all climate projections. This pattern follows that of the historical climate runoff
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reduction, where dry ponds (sc.2) recharge the least, followed by LID (sc.4), and infiltration
trenches (sc.2) recharge the most water.
The difference in the percent reduction across the full range of climates from HDLT to
WWLT in each BMP scenario is 7%. The amount that each BMP scenario varies with each
climate projection is fairly linear on an annual basis.  For every 2% increase (or decrease) in
annual flow, there is 1% less (or more) flow reduction achieved in the BMP scenarios. This
effect is slightly greater than 2:1 for the Hot/Dry projections, and closer to 1:1 for the Warm/Wet
projections (Table 4-4), trending towards non-linear behavior at extreme climate changes. This
means that in climate scenarios with even greater change in precipitation, an upper limit of
volume reduction will be reached with the BMP scenarios, such that they will not be able to
remove any more runoff volume than they are in the current climate projections. For less
precipitation as in the Hot/Dry projections, the volume reduction capability of each BMP
scenario could keep improving, removing a greater percent of the runoff with decreasing
precipitation. This supports the findings of Wilson and Weng (2011) that found that the resulting
hydrologic change was highly dependent on the type of climate scenario that was investigated.
The change in precipitation volume for the climate scenarios HDLT through WWLT were -18%,
-10%, +3%, and +6% compared to the historical precipitation (Table 4-3). This resulted in
changes in runoff volume of -13%, -7%, +2%, and +3% in the “No BMP” baseline (Table 4-4),
which shows that the relative change in precipitation did not transfer linearly to the change in
runoff volume.  This signal was seen in the runoff ratios (RR) in Table 4-3. Less runoff would be
expected with less precipitation, but the RR increases with the Hot/Dry climate projections,
signifying a larger decrease in precipitation than runoff. Similarly, the RR decreases for climate
projections with more precipitation, where more runoff would be expected to balance out the
greater precipitation.  This could have been influenced by the disproportionate changes in
monthly precipitation from the SWMM-CAT adjustments, but is more likely a factor of the static
“baseflow”, or dry weather flow contributions to the model that did not change between climate
projection scenarios.  There is no way to predict how anthropogenic contributions to dry weather
flow will change in the future. This represents a disadvantage of representing baseflow/dry
weather flow as constant in the SUSTAIN model.
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Figure 4-16: Percent change in annual average runoff volume for each BMP scenario and each
climate change scenario investigated.












No BMPs 75262 80134 86338 87652 89097
Sc (2) 12286 14935 18721 20019 21468
Sc (3) 39310 44060 50112 51494 52977











No BMPs -13% -7% 0 2% 3%
Sc (2) -84% -81% -78% -77% -76%
Sc (3) -48% -45% -42% -41% -41%
Sc (4) -71% -69% -66% -65% -64%
4.3.2 Changes in Annual Average Copper Load
The same percent change calculations were done for annual average Cu load in each climate
projection for each BMP scenario (Figure 4-17 with data in Table 4-5). Figure 4-17 shows
similar Cu load removal behavior for the climate projections as the historical BMP scenario
results in section 4.2.2. BMP scenario 2 and 4 (infiltration-based BMPs) remove the most Cu
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load, followed by scenario 3 (dry ponds).  When comparing the relative response to precipitation
changes, the annual Cu load in the “No BMP” climate baseline drops significantly by 15%
(Table 4-5) with 18% less precipitation in the HDLT case. With 6% more precipitation in the
WWLT case the Cu load increases by 4%.  This is similar to the non-linear runoff volume
response to changes in precipitation, and the reason for this non-linearity is unknown at this time.
Overall, this response makes sense because with less (or more) precipitation there is less (or
more) pollutant load in the runoff due to the EMC method of modeling water quality.
Figure 4-17: Percent change in annual average Cu load for each BMP scenario and each climate
change scenario investigated.
Scenario 2 (regional infiltration trenches) load removal changes more than scenario 4 (LID)
with the climate projections (Figure 4-17). Scenario 2 removes more Cu load in the HDLT
projection. This might be because infiltration trenches have more volume in each BMP and can
capture larger storms’ runoff and infiltrate more Cu load. Also, scenario 2 might remove the
most Cu load because it removes the most runoff volume (Figure 4-16).
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No BMPs 3852 4161 4553 4634 4723
Sc (2) 698 859 1085 1168 1258
Sc (3) 1281 1489 1760 1837 1915











No BMPs -15% -9% 0 2% 4%
Sc (2) -82% -79% -76% -75% -73%
Sc (3) -67% -64% -61% -60% -59%
Sc (4) -78% -77% -75% -74% -72%
4.3.3 Wet Weather Copper TMDL Exceedances
Wet weather Cu TMDL exceedances were calculated for BMP scenarios 2, 3, and 4 after the
climate projections were implemented (Figure 4-18 and Figure 4-19, Table 4-6). The “No BMP”
baseline exceedances do not vary by much between climate projections. Scenario 3 (dry pond)
most significantly reduces exceedances in all climate projections from the baselines because treat
and release returns more water to the channel, increasing the TMDL allowance.
Table 4-6: Wet weather Cu Exceedances per year for BMP scenarios 2, 3, and 4 analyzes with
four SWMM-CAT climate change projections.
WET Weather – Cu Exceedances per year
Scenario HDLT HDNT Historical WWNT WWLT
Baseline – No BMPs 102 103 105 104 104
2) Urban Runoff Infiltrated 8 9 10 11 10
3) Urban Runoff Treat and Release 3 4 6 6 6
4) Private Property Runoff to LID 10 11 11 11 10
Looking more closely at the exceedances for the BMP scenarios in Figure 4-19, scenarios 2
and 3 reduce TMDL exceedances more significantly in the Hot/Dry climate projections. Less
precipitation in the Hot/Dry climate projections means the BMPs can treat a greater percentage
of the runoff because they have the same treatment volume as in the historic climate scenario.
Scenario 4 does not significantly change exceedances with varying climate projections.  This is
because LID BMPs (sc.4) have much higher evapotranspiration rates compared to the regional
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BMPs in scenarios 2 and 3. This more drastically reduces the amount of water that flows to the
channel, concentrating pollutants and reducing the TMDL allowance more than in either scenario
2 or 3.
Figure 4-18: Cu TMDL exceedances for BMP scenarios 2, 3, and 4 for each climate projection
Figure 4-19: Cu TMDL exceedances for BMP scenarios 2, 3, and 4 for each climate projection,
zoomed in to better show with BMP scenarios.
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4.3.4 Seasonal Changes in Copper Concentrations
The TMDL exceedances are related to the pollutant concentration in the channel, as the
TMDL is concentration-based. Figure 4-20 through Figure 4-23 show seasonal changes in Cu
concentrations to help understand the different behavior of each BMP scenario under varying
climate change projections. First, the average monthly concentration for each BMP and climate
scenario were calculated over the 5 year period from WY 2004-2008. Then, the monthly change
in concentration was calculated with respect to the historical climate scenario for all cases. The
concentrations in the months of Dec-Jan-Feb were averaged for winter, spring is the average
concentration over Mar-Apr-May, summer is Jun-Jul-Aug average concentration, and fall is Sep-
Oct-Nov average concentration.  The percent changes in concentration may seem quite small, but
this reflects the relatively small changes in precipitation in each climate projection analyzed, and
typically, changes in load follow changes in runoff volume, so the resulting differences in
concentration can be quite small. The summer months did not show much change in
concentration from the historical scenario because there was no precipitation during those
months to adjust with the climate projections. These concentrations also depend heavily on the
distribution of monthly precipitation adjustment factors in the SWMM-CAT program (Figure
3-2).
Figure 4-20, the “No BMP” scenario, and Figure 4-21, BMP scenario 2 (infiltration trenches)
show similar behavior with respect to climate projections. All concentrations decrease, meaning
there is more water relative to load compared to the historical climate “No BMP” or infiltration
trench (2) scenario. The Hot/Dry climate projections have lower concentrations than Warm/Wet.
This can be attributed to less load contribution from smaller storm events and potential dilution
from baseflow/dry weather flow which is less polluted than storm event runoff. The Warm/Wet
projections show a decrease in concentration from the historic BMP scenario 2 because there is
more water in the system.
Scenario 3 with regional treat and release BMPs responded much differently than the other
BMP scenarios (Figure 4-22).  Cu concentrations increased from the historical climate BMP
scenario 3, with the concentration in the Warm/Wet projection increasing the most during the
heavy storm season of winter.  This behavior is very counter-intuitive, but can be explained
because the reference scenario is the historic climate with dry pond BMPs, meaning that the
reference scenario already had relatively low concentrations because of the treat and release
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Figure 4-20: Changes in Cu concentration between the historical climate and climate change
projections for the No BMP scenario
Figure 4-21: Changes in Cu concentration between the historical climate and climate change
projections for BMP scenario 2 (infiltration trenches)
behavior of dry ponds. So by adding more precipitation in the Warm/Wet projections, more
pollutant is washed off with more water, the dry ponds reach treatment capacity faster, and the
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pollutants as much as occurs in the original historical scenario 3, so the concentration also
increases.
Figure 4-22: Changes in Cu concentration between the historical climate and climate change
projections for BMP scenario 3 (dry ponds)
Figure 4-23: Changes in Cu concentration between the historical climate and climate change
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In Figure 4-23, the LID BMP scenario 4 results in decreased concentrations under climate
change projections. The Hot/Dry climate projections only showed a decrease in spring
concentrations, suggesting that the spring storms might be smaller than the winter storms so that
the LID BMPs can capture more of that spring storm volume. The Warm/Wet climate
projections showed the largest decrease in concentration during the winter. This follows that the
winter storms are larger than other seasons’ storms, such that more water is treated by the BMPs.
However, this also means that more runoff could potentially bypass the BMPs. More
evapotranspiration in LID BMPs results allow more water to be removed, and resulting in a
smaller decrease in concentration (compared to the “No BMP” scenario and scenario 2, figures
4-21 and 4-22).
The seasonal effects on concentration depend a lot on the SWMM-CAT monthly adjustment
factors and whether the monthly precipitation increased or decreased accordingly. Without any
precipitation during the summer months, and without a way to adjust anthropogenic “baseflow”
contributions with climate projections, it was hard to determine dry weather effects from climate
changes. However, it can be noted that summer concentrations increased in scenario 3, possibly




It is the intention that these modeling results provide insight for strategic BMP
implementation and effective water management decisions.  Recommendations are based on
several conclusions reached through this modeling work.
5.1 Benefits of Treat and Release
Treat and release-dominated BMPs offer the best TMDL compliance due to the dilution
effect at the outlet. This preserves the health of aquatic life by not exceeding the acute toxic
concentration, but more load can accumulate in the receiving waters, raising concerns in the
long-term. The treat and release scenario achieves about half the infiltration of the other
scenarios, with very poor peak flow attenuation. The cost for scenario 3 is similar with the other
scenarios 1-4 (~$500M to ~$1.7 Billion).
5.2 Benefits of Infiltration
Scenarios utilizing infiltration-based BMPs are beneficial for many reasons. Regional
infiltration trenches (scenario 2) recharge the most water (66,000 AFY) and achieve considerable
peak flow reduction in large storms. They remove the largest pollutant load, on the same par with
distributed BMPs (scenario 4). Distributed BMPs have high infiltration capability resulting in
recharge of the second greatest amount of runoff (55,000 AFY). Infiltration along with
vegetation in distributed BMPs increases evapotranspiration and flow attenuation, therefore
reducing peak flows by the largest amount of all scenarios. Wet weather exceedances are greater
when implementing infiltration-based BMPs compared to treat and release due to more
concentrated pollutants at the outlet, resulting from removing more water from the system.
Distributed projects cost more because they lack the economy of scale of regional BMP projects.
The only available vacant land in the Ballona Creek watershed is either protected, not
available or suitable for BMPs, or located in the upper reaches of the watershed. This will hinder
the ability to effectively site and implement the large regional infiltration BMPs. More
distributed BMPs are needed to achieve the necessary treatment capacity because of their larger
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overall footprint, but there is much more privately owned land area located nearer to the
watershed outlet on which distributed BMPs can be implemented. However, convincing people
to retrofit their existing properties with stormwater capture BMPs may be difficult unless they
are obligated to by regulation and/or receive compensation to do so.  Further, inspection
programs or some other mechanism would need to be put in place to ensure that these BMPs
were being appropriately maintained in order to continue providing the expected water quality
benefits.
5.3 Behavior of BMPs under climate change scenarios
In general, the Hot/Dry (H/D) climate projections resulted in less runoff volume and less
pollutant load, but the two were not linearly correlated.  The Warm/Wet (W/W) climate
projections resulted in more runoff and load, but the difference from the historical climate was
not as great as the H/D climate change effect. More precipitation produced greater runoff
volumes, limiting the ability of the BMP scenarios to reduce the flow volume. More precipitation
did not equal more recharge, it was limited by the BMP treatment capacity.
The runoff ratio changed in a non-linear fashion with climate change projections. It increased
with less precipitation and decreased with more precipitation, when it would be expected to stay
constant (less precipitation equals lower runoff). This non-linearity could be due to the baseflow
contribution in the model remaining static as various climate change projections are
implemented.
Infiltration-based scenarios removed the most runoff volume and Cu load but had more
exceedances than treat and release, following the trend in the historical climate case. However,
scenario 4 (LID) did not significantly change exceedances with climate projections because LID
BMPs have much higher ET rates compared to the regional BMPs in scenarios 2 and 3. Cu
concentrations decreased compared to concentrations in the historical infiltration BMP scenarios
with climate projections.
Treat and release BMPs showed an increase in concentration with climate projections due to
the low concentration reference point in the historical dry pond scenario. Less water in H/D
increased the concentration, as did more load in W/W.
The H/D climate projections resulted in fewer exceedances with BMPs and had greater
decreases in concentrations than the W/W climate projections. This can be attributed to less load
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contribution from smaller storm events and potential dilution from baseflow/dry weather flow
which is less polluted than storm event runoff.
5.4 Recommended suite of BMPs
Dry weather metals TMDL exceedances can be almost completely eliminated with the tested
scenarios 1 through 4. Cu and Zn are the main concerns for exceedances in wet weather because
Pb has much higher TMDL targets and zero exceedances in the baseline scenario without BMPs.
If Cu pollutant loading is significantly reduced due to brake pad legislation (Kehoe 2009), Zn
would be the only metal of concern, and would only be out of compliance during wet weather.
Overwhelmingly, BMPs which infiltrate a large majority of the water achieve the most
benefits in pollutant reduction, potential recharge, and peak flow reduction. They were even
shown to reduce the concentration at the outlet under climate change projections. However,
consideration for subsurface contaminant mobilization needs to be investigated more thoroughly.
Treat and release BMPs are very effective at meeting water quality requirements, although they
are more sensitive to increases in runoff volume because they do not infiltrate as much water.
Infiltration BMPs might also reduce other pollutants like bacteria and toxics, with additional help
from dilution by treat and release BMPs. Overall, combining the attributes of all BMP types can
achieve the desired results, though tradeoffs will need to be made to balance peak flow
reduction, recharge, and load reduction with water quality compliance. The optimized BMP
scenario 1 is an example of this compromise, with middle ranges of all benefits achieved.
Determining the best BMP implementation scenario to mitigate the effects of climate change
heavily depends on whether the future climate has more or less precipitation overall.
5.5 Sources of uncertainty and future work
There are many sources of uncertainty in the results presented that arose from the many
assumptions made when setting up this model (Beck 2014). These include the Event Mean
Concentration (EMC) method of water quality modeling as opposed to the build-up/wash-off
method, the variability in the land-use specific EMC data available, the calibration of the BMP
pollutant removal decay factors, the dry-weather flow (or “baseflow”) contribution in the model,
the use of the 85th percentile storm to design the BMP treatment capacity, and the type of climate
change projections implemented. Given these many varied sources of uncertainty, variance in the
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model results was not explicitly calculated or reported under the scope of this study. However, a
discussion of the effects of these sources and some strategies to reduce their variability is
presented here.
The EMC method of water quality modeling is simple to implement but reduces the
robustness of the model results due to high level of variability in available land-use EMC data
(Booty and Benoy 2009). The build-up/wash-off (B/W) method of modeling water quality can
capture storm pollutograph behavior better, with peaks in runoff concentrations instead of a
constant concentration over the whole storm event (Shoemaker et al. 2009; Charbeneau and
Barrett 1998). Coutu et al (2013) tested multiple B/W models along with climate change impacts
and found that each B/W model had similar uncertainty, and that the parameters in the
stormwater model used had a greater effect on the variability of the results. This suggests that a
model that uses a more robust water quality representation will have less variable results. B/W
water quality modeling is available in SUSTAIN, and may be able to be calibrated with more
available water quality data. The variability in the available EMC data will remain a hindrance to
calibrating the B/W method, though a better fit can be found with more data points than were
previously analyzed.
The BMP parameterization was based on limited and variable BMP pollutant removal data
from the International BMP Database BMP performance summaries in 2012. Many more
projects have been uploaded to the IBMPDB and the BMP performance summaries updated in
2014 have now been released (BMP Database 2014). Also, a BMP soil parameter sensitivity
analysis was not done as part of this research and can improve the model representation of
BMPs. Default soil parameters were used in the setup of each BMP type in the current model
version. The completion of a BMP soil parameter sensitivity analysis will help setup new BMP
types as well. Using the results from the dimension survey and the soil sensitivity analysis, new
BMP types can be designed and implemented in the model.
The base-flow, or dry weather flow contribution to the model was determined from the
HYSEP base-flow separation analysis by Beck (2014). This was designed for base-flow
separation in natural systems and is not very robust for determining urban dry weather flow
contributions, especially in concrete-lined channels (Sloto and Crouse 1996). Also, the dry
weather pollutant fluctuations were based on dry weather water quality data, meaning that the
variable dry weather concentrations due to anthropogenic effects, such as irrigation, dewatering,
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washing cars and sidewalks, or paint/solvent dumping that all contribute to dry weather flow
pollution were not fully captured in the model. This variability cannot easily be predicted and
projected into the future climate change scenarios either. It is most likely that dry weather
pollutants are much more variable and greater than we are currently modeling.
The monthly average adjustment factors from SWMM-CAT are not very discrete and make it
difficult to discern seasonality effects in the results. Hourly GCM-derived forcing data that better
captures changes in storm events and flow regimes would follow the wet and dry seasonality
better and might show more unique results. On a broader scale, out of the many predicted climate
change projections, the actual future climate cannot be known at this time. Therefore, models can
only simulate the variability in the future projections, so both wetter and drier conditions have to
be simulated.
These model uncertainties mean the results have large variances from what is reported, but
more importantly, the climate change projection results are less robust due to high uncertainty in
the stormwater model and climate change scenarios. The ability of the BMPs to improve water
quality in the future is very dependent on the accuracy of the current model setup. Their
predicted future behavior may be entirely different if they infiltrate more or less water, remove
more or less pollutants, or behave more non-linearly than the current model represents.
If the hot and dry climate scenario is run through the optimization, there would be less
precipitation, less flow and theoretically less pollutant load according to our model setup,
therefore similar compliance. However, in reality there would be less flow and the same
pollutant loading, so compliance would be worse.  A build-up/wash-off setup would better
capture this effect. If that setup was possible, there might be more exceedances during the first
storms of the year due the first flush effect. Overall, more treat and release BMPs would be
needed to capture stormwater, treat it and release the volumes back before the assessment point
in the channel, and infiltration-type BMPs would be counterproductive to compliance.
If the warm and wet scenario is optimized, there would be more flow overall and
theoretically more pollutant load according to our model setup. This would result in similar
compliance again, following the same logic and trend as with the H/D climate projection.
However, realistically there would be more flow and the same pollutant load if a build-up/wash-
off setup was possible. Compliance might be better overall, and infiltrative as well as treat and
release BMPs could be implemented with similar benefits.
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Although stormwater design in the past has typically been done by sizing BMPs by the 85th
percentile storm or whatever storm size is regionally accepted as the design storm (LA DPW
2002), this may not be the best way to design stormwater control measures. This is seen in the
results of our model scenarios, in which sizing to capture the 85th percentile storm leaves large
storms majorly untreated from a compliance standpoint. Other negative impacts of not being
capable of treating large storms is proposed by Tillinghast, Hunt, and Jennings (2011), who test
if implementing stormwater control measures (SCM) result in more extreme channel erosion
during large storm events due to the reduction of smaller storm flows. They found that overall
the SCM was still a benefit: the volume of eroded sediments was smaller with a wet pond in the
watershed, but the duration of high flows capable of eroding sediments increased with SCMs.
This can be explored in future studies with the current SUSTAIN model setup. The number of
BMPs in each scenario can be increased to determine the total number of BMPs needed to treat
runoff from the watershed to have zero exceedances (which would be more BMPs than was
needed to treat the 85th percentile storm runoff).
In addition to improving assumptions that create high variability, this calibrated and
validated model can be used to test many future disturbances. Areas of interest include
expanding the climate change analysis from the current research, changing land uses to simulate
urban population growth in various scenarios, and testing higher EMC values or the B/W method
to simulate increased pollution due to denser urbanization. This work will improve stormwater
management recommendations and help municipalities implement effective integrated water
management strategies.
5.6 Overall Research Conclusions
Conclusions to individual research goals laid out in section 1.3 are summarized below.
1) How sensitive was receiving water body quality to BMP types and dimensions?
 The BMP dimensions played more of a role in the volume of water captured,
infiltrated, or overflowed from the BMPs. The specific BMP types impacted pollutant
removal more than dimensions. The representation of pollutant removal can be
improved in the model with more understanding of the customizable BMP parameters
in SUSTAIN.
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2) What are the characteristics of each BMP type that influenced treatment? Did different
BMPs achieve different results and why?
 Infiltration and distributed BMPs and LID retrofits achieved very good peak flow
reduction and recharge potential with significant reduction in exceedances. This was
attributed to the large surface area of distributed BMPs and large volumes of water
removed through infiltration to the subsurface.
 Treat and release BMP types achieved slightly better compliance than infiltration
BMP types, even though similar pollutant load was present in the channel. This was
due to the dilution effect of the concentration-based TMDL limit.
3) Are the optimization results in SUSTAIN realistic and can their capability be improved?
 Optimization was improved by standardizing boundary conditions and more
accurately determining the best solutions from the pareto options generated using the
NSGA-II algorithm. This resulted in greater confidence in the optimization results.
4) How did BMPs perform at different flow regimes and under future climate change
scenarios?
 In dry weather and during small storms, all BMP types achieved their designated
goals of eliminating water quality standard exceedances and reducing peak flows.
 In wet weather and during large storm events, the water capture, infiltration, and
pollutant removal benefits were limited by the treatment volume of the BMPs
implemented, regardless of type.
 Infiltration-based BMPs achieved greater benefits in large storm events because they
removed a larger percentage of the runoff volume. This was an additional benefit of
infiltration BMPs in climate change scenarios that predicted increases in extreme
storm events. However, this benefit was not apparent in this research because the
climate change adjustments were not temporally resolved to the event scale.
 As treat and release BMPs did not reduce peak flows as well as infiltration BMPs,
treat and release BMPs have to be carefully considered when planning for future
increases in storm intensity due to climate change.
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5) What are the costs and benefits of achieving water quality compliance with BMPs under
current and future climate scenarios?
 The BMP construction cost range for the Ballona Creek watershed to become fully
compliant in dry weather and mostly compliant in wet weather was ~$500M to
~$1.7B. There were significant caveats to this cost that must be considered when
designing water management plans.
 The only significant benefits were achieved when runoff from greater than 67% of the
watershed area was routed to treatment BMPs. The best results were achieved when
runoff from the greatest drainage area possible was treated. Therefore, implementing
BMPs farther downstream will be more beneficial.
 Specifically, not enough stormwater was treated if BMPs only captured runoff from
public property. More area needed to be routed to these BMPs to effectively meet the
desired goals.
 In Ballona Creek watershed, there is a lot of private property available to implement
LID technologies, but property ownership and incentive to retrofit will be challenges
to address.
 Benefits include potential groundwater recharge, peak flow reduction, and pollutant
load reduction in receiving waters.  Infiltration-based BMP scenarios could provide
potential recharge up to 76% of the total runoff volume. Peak flows could be reduced
by up to 60% for large storm events. Other pollutants that were not simulated in this
model could potentially be removed by similar processes of the recommended BMPs.
 Additional ecosystem service benefits that cannot be monetarily quantified are
extremely valuable to consider.  LID practices disconnect impervious surfaces to
reduce runoff velocities, increase infiltration, improve wildlife habitat, and add
recreation opportunities to improve the quality of life for humans and natural
ecosystems.
 All of these costs and benefits will carry through to future climate conditions. Based
on the preliminary climate change analysis in this research, the BMP construction
cost to achieve compliance is similar to the present estimates. This is because the
climate projections simulated changes in runoff volume and quality that most likely
fell within the overall uncertainty of the current model setup. Also, the climate
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projections applied in this research predicted both less and more precipitation, making
it difficult to draw meaningful conclusions from the results.
6) What are the constraints to the SUSTAIN model setup with the current assumptions?
How can it be improved for other similar applications?
 The BMP parameterization of soil characteristics and pollutant removal can be
improved through more extensive sensitivity testing.
 The Event Mean Concentration-based water quality representation has significant
limitations in a dynamic urban environment. Applying a build-up wash-off method
could improve model results.
 Adjusting dry-weather flow volume with climate change projections can improve the
results and conclusions of the climate change analysis.
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The following sources were used to determine BMP project costs. Out of 15 sources
inspected, a total of 11 sources contributed cost estimates or BMP dimensions to the project
surveys completed in this research, listed below. The focus was to determine construction cost
per final BMP treatment volume. Estimates may be assumed to be conservative for construction
only, as it was difficult to fully isolate construction costs from full project costs in all cases, as is
noted in Table A.1. The range of BMP dimensions collected through this survey in Table A.2
determined the range of sizes tested in the BMP dimension sensitivity analysis matrix, shown in
Appendix B.
 Proposition O Final Project reports from City of LA Bureau of Engineering (various)
 BMP and LID Whole Life Cost Model (WERF 2009)
 Minnesota Pollution Control Agency (Barr Engineering 2011)
 Center for Watershed Protection (Schueler et al. 2007)
 Caltrans Pilot (CalTrans 2004)
 LA River TMDL Implementation Plan Appendices (LA County 2010)
 CASQA 2003 (CASQA 2003)
 Caltrans Contract Cost Data (CalTrans 2015)
 LA County Department of Public Works BMP/LID Project Estimates (LA DPW
2011)
 Transportation Research Board 2014 (TRB 2014)
 Water Replenishment District 2012 (WRD et al. 2012)
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Infiltration Trench - Ecorain.
250'x10' Infiltration Trench -
(2,500 sq ft, 6'-0" hight).
Precurement and installation
incl. infiltration system,
gravel layer, sand layer, filter













Infiltration Trench, 2" Layer
of Pea Gravel, 5.5' Layer of
1.5"-2.5" Rock, 6" Perforated























































































































































































Dry Pond with underdrain:
Dry Creek: Excavation, soil
import, underdrain system









































































































































































Bioretention Basin, 4' Layer
of Engineered Bioretention
Soil, 2"x14" No. 7 Stone and





































































17,600 sq-ft, 2" Layer of 1/2"
Crushed Rock, 16" Layer of
1.5"-2" Crushed Rock, 6"
Layer of Sand and 3/4"


















33,300 sq-ft, 2" Layer of No.
8 Rock, 4" Layer of No. 57
Stone, 12" Layer of No. 2
Stone, 6" Layer of Sand and
3/4" Gravel around 4"















14,600 sq-ft, 2" Layer of No.
57 Stone, 16" Layer of No. 2
Stone, 6" Layer of Sand and
3/4" Gravel around 4"




































Porous Asphalt, 18-30 in -
Excavation/Backfill; 3 in
Porous Asphalt





Porous Concrete, 18-30 in -
Excavation/Backfill; 5.5 in -
Pervious Concrete



















*2014 Present Value calculated using CPI calculator ($/unit) (Bureau of Labor Statistics 2014)









Infiltration Trench Caltrans Pilot 148 6.6 8.2
Infiltration Basin Site I-605/SR-91 Caltrans Pilot 207 100 1
Infiltration Basin Site I-5/La Costa Avenue Caltrans Pilot 100 50 3
Infiltration Trench (Altadena MS) Caltrans Pilot 60 30 10
Infiltration Trench (Carlsbad MS) Caltrans Pilot 46 23 13
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Table A-2 Continued
(2) infiltration/dry detention basin (8.3.4)
Prop O, Hansen Dam Wetlands
Restoration
210 105 5
9 infiltration trenches/subsurface galleries Prop O, Imperial Highway 250 10 8
Upland-West infiltration basin Prop O, Peck Park 46 23 2.5
Upland-East infiltration basin Prop O, Peck Park 34 17 2.5
sub-regional (large) subsurface infiltration
basin
Prop O, Broadway Stormwater Greenway 180 100 1
residential (small) subsurface infil basins
(x3)
Prop O, Broadway Stormwater Greenway 70 20 2
residential (small) subsurface infil basins
(x1)
Prop O, Broadway Stormwater Greenway 120 20 2
Belvedere Park
















LA River TMDL Implementation Plan
Appdx
93 47 8
G. W. Carver Park




























LA River TMDL Implementation Plan
Appdx
396 198 6.5
Ted Watkins Park Left
LA River TMDL Implementation Plan
Appdx
132 66 8
Ted Watkins Park Right








LA River TMDL Implementation Plan
Appdx
187 93 8
Whittier Narrows Recreation Area
LA River TMDL Implementation Plan
Appdx
132 66 8
Infiltration Unit-Hermosa - Beach Strand LADPW 1008 4 3
Infiltration Unit-Sun Valley Park LADPW 140 160 --




Extended Detention Basin CASQA 2003 -- -- 2-5
Extended Detention Basin CaltransPilot -- -- 1.5
2 forebays to inf/det basin
Prop O, Hansen Dam Wetlands
Restoration
35 35 5
detention basin Prop O, Westside Irrigation Park 150 50 5.5
Dry Detention Basin TRB 2014 -- -- 3
Obregon Park
LA River TMDL Implementation Plan
Appdx
-- -- 8
Dry ED Pond Center for Watershed Protection -- -- 6
VEGETATED SWALE
Vegetated Swale CASQA 2003 100 10 --
Vegetated Swale CASQA 2003 100 10 1.5
Vegetated Swale CASQA 2003 100 -- 3
Biofiltration Swale I-605/SR-91 Caltrans Pilot 132 5 --
Biofiltration Swale I-5/I-605 Caltrans Pilot 132 5 --
Biofiltration Swale Cerritos MS Caltrans Pilot 66 5 --
Biofiltration Swale I-605/Del Amo Avenue Caltrans Pilot 177 3 --
Biofiltration Swale I-5/Palomar Road Caltrans Pilot 466 10 --
inlet vegetated swale for pre-treatment to
inf/det basin
Prop O, Hansen Dam Wetlands
Restoration
1000 16 2
small vegetated swales prior to inf/det
basins
Prop O, Hansen Dam Wetlands
Restoration
1000 10 0.5
vegetated filter strips next to parking lot
Prop O, Hansen Dam Wetlands
Restoration
650 10 0.5
vegetated swale Prop O, Woodman 3500 3 1
Vegetated Swale TRB 2014 150 40 1
Bioswale-Marina Del Ray Parking Lot 7 LADPW 225 12 4.75
Vegetated Swale WRD 2012 1000 -- --
Swale Center for Watershed Protection -- 5 2
BIORETENTION
Bioretention CASQA 2003 40 15 4.5
Bioretention CASQA 2003 50 25 4.5
Bioretention/rain garden-site 1 Prop O, Grand Ave 8 6 3.5
Bioretention/rain garden-sites 2,7 (2) Prop O, Grand Ave 6 6 2
Bioretention/rain garden-site 3 Prop O, Grand Ave 6.5 4 1.5
Bioretention/rain garden-sites 4-6 (3) Prop O, Grand Ave 12 6 3.5
rain garden Prop O, Oros Green St 350 30 5.5
Bioretention TRB 2014 -- -- 3
Bioretention
LA River TMDL Implementation Plan
Appdx
-- -- 3
Filtera Bioretention (Proprietary) -
Project No. 5243 Marina Del Ray
LADPW 6 4 --
Bioretention Brandon & Green St LADPW 2622 3.5 --
Bioretention Rosemead Blvd Roadway
improvement
LADPW 1620 2 3




Pervious Asphalt, light traffic CASQA 2003 -- -- 2
Pervious Asphalt, medium light traffic CASQA 2003 -- -- 1.5
Pervious Asphalt, heavy traffic CASQA 2003 -- -- 2.5
Permeable paving Prop O, LA Zoo Pkg Lot 375 370 --
Porous Pavement
LA River TMDL Implementation Plan
Appdx
-- -- 2
Pervious Sidewalk Brandon & Green St LADPW 1120 4 --













14 $10.36 $9.03 $2.80 $3.33 $6.03 $16.63 $29.43 $26.63
Dry Pond 5 $10.75 $8.67 $4.07 $4.40 $5.88 $15.71 $23.69 $19.62
Vegetated
Swale
4 $13.82 $11.77 $4.97 $5.37 $10.07 $18.53 $30.18 $25.21
Bioretention 5 $13.59 $6.68 $3.30 $12.30 $14.60 $16.24 $21.52 $18.22
Porous
Pavement
8 $14.00 $3.87 $7.63 $10.57 $15.69 $16.17 $18.27 $10.64
*2014 Present Value calculated using CPI calculator ($/unit) (Bureau of Labor Statistics 2014)
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APPENDIX B
BMP DIMENSION SENSITIVITY TESTING MATRIX
Each test has BMP treatment volume equal to 661 AF runoff from 3/4" storm in DS sub-
basin. 661 acft = 28793160 cf. The dimensions were determined by the range of projects
surveyed, and the number of BMPs is adjusted to equal the standard 661 AF total treatment
volume.











IT - test Length (ft) Width (ft) Depth (ft) TVol (cf) BMP units
original (default) 88 44 6 23232 1239
KR model 90 45 5 20250 1422
min 34 17 2.5 1445 19926
25th% 100 50 3 15000 1920
median 132 66 8 69696 413
75th% 295 148 6.5 283790 101
max 583 291 6 1017918 28
extreme case: smallest
W
1008 4 3 12096 2380
One Factor at a time analysis, based on median size
L-50% 66 66 8 34848 3
W-50% 132 33 8 34848 3
D-50% 132 66 4 34848 3
L+50% 198 66 8 104544 1
W+50% 132 99 8 104544 1






DP - test Length (ft) Width (ft) Depth (ft) TVol (cf) BMP units
original (default) 45 15 5 3375 8531
MIN TV 35 35 5 6125 4701
median TV 150 50 5 37500 768
MAX TV 210 105 5 110250 261
MIN Depth 45 15 1.5 1012.5 28438
lower quartile (25) D 45 15 3 2025 14219
median D 45 15 5 3375 8531
MAX Depth 45 15 8 5400 5332
test Surface Area -
2*w
70 35 5 12250 2350
test SA - 3*w 105 35 5 18375 1567
test SA - 4*w 140 35 5 24500 1175












PP - test Length (ft) Width (ft) Depth (ft) TVol (cf) BMP units
original 176 88 0.5 7744 3718
orig w/ unit depth 176 88 1 15488 1859
KR model 62 30 1 1860 15480
sidewalk 1120 4 1 4480 6427
parking lot 375 370 1 138750 208
One Factor at a time analysis, based on median depth
Med Depth 375 370 2 277500 104
Max Depth 375 370 2.5 346875 83
Unit Depth 375 370 1 138750 208








BR - test Length (ft) Width (ft) Depth (ft) TVol (cf) BMP units
default values 10 10 0.5 50 575863
KR model 46 23 1.5 1587 18143
STATS by TV and Depth
MIN 6.5 4 1.5 39 738286
lower quartile (25) 8 6 2 96 299929
median 31 16 3 1476 19508
upper quartile (75) 66 33 4 8696 3311
MAX 350 30 5.5 57750 499
One Factor at a time analysis, based on depth
unit depth 46 23 1 1058 27215
unitD+100% 46 23 2 2116 13607
unitD+200% 46 23 3 3174 9072
unitD+300% 46 23 4 4232 6804










VS - test Length (ft) Width (ft) Depth (ft) TVol (cf) BMP units
original (default) 500 10 0.5 2500 11517
KR model 250 10 0.5 1250 23035
med values 177 10 1.5 2655 10845
One Factor at a time analysis, based on L, W, and D
Lmin 66 10 1.5 990 29084
L25 116 10 1.5 1740 16548
L75 825 10 1.5 12375 2327
Lmax 3500 10 1.5 52500 548
Wmin 177 3 1.5 796.5 36150
W25 177 5 1.5 1327.5 21690
W75 177 10 1.5 2655 10845
Wmax 177 40 1.5 10620 2711
Dmin 177 10 0.5 885 32535
D25 177 10 1 1770 16267
D75 177 10 2 3540 8134
Dmax 177 10 4.8 8496 3389
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Table B-2: BMP Dimension Sensitivity Test Results - % of Inflow Infiltrated, Outflow, and











L (ft) W (ft) D (ft) % Infiltrated % Outflow % ET
34 17 2.5 85% 12% 3%
100 50 3 83% 14% 3%
1008 4 3 83% 14% 3%
90 45 5 77% 21% 2%
88 44 6 75% 23% 1%
583 291 6 76% 23% 1%
295 148 6.5 75% 24% 1%






L (ft) W (ft) D (ft) % Infiltrated % Outflow % ET
45 15 1.5 51% 44% 6%
45 15 3 45% 52% 3%
45 15 5 41% 58% 2%
35 35 5 41% 58% 2%
150 50 5 41% 58% 2%
210 105 5 41% 57% 2%
45 15 5 41% 58% 2%
70 35 5 41% 58% 2%
105 35 5 41% 58% 2%
140 35 5 41% 58% 2%










L (ft) W (ft) D (ft) % Infiltrated % Outflow % ET
176 88 0.5 76% 7% 17%
375 370 0.5 78% 5% 17%
176 88 1 75% 17% 9%
62 30 1 74% 18% 9%
1120 4 1 74% 17% 9%
375 370 1 77% 14% 9%
375 370 1 77% 14% 9%
375 370 2 72% 24% 4%










L (ft) W (ft) D (ft) % Infiltrated % Outflow % ET
10 10 0.5 73% 10% 17%
46 23 1 69% 22% 9%
46 23 1.5 66% 28% 6%
6.5 4 1.5 66% 28% 6%
8 6 2 63% 33% 4%
46 23 2 63% 33% 4%
31 16 3 59% 38% 3%
46 23 3 59% 38% 3%
66 33 4 57% 41% 2%
46 23 4 57% 41% 2%
350 30 5.5 54% 44% 2%










L (ft) W (ft) D (ft) % Infiltrated % Outflow % ET
500 10 0.5 52% 31% 19%
250 10 0.5 52% 31% 19%
177 10 0.5 52% 31% 19%
177 10 1 51% 41% 10%
177 10 1.5 49% 45% 7%
66 10 1.5 49% 45% 7%
116 10 1.5 49% 45% 7%
825 10 1.5 49% 45% 7%
3500 10 1.5 50% 45% 7%
177 10 1.5 49% 45% 7%
177 40 1.5 47% 47% 6%
177 10 2 48% 47% 6%
177 10 4.8 46% 52% 4%
